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Abstract: The growing interest in oleanolic acid (OA) as a triterpenoid with remarkable health ben-
efits prompts an emphasis on its efficient use in pharmaceutical research. OA exhibits a range of
pharmacological effects, including antidiabetic, anti-inflammatory, immune-enhancing, gastropro-
tective, hepatoprotective, antitumor, and antiviral properties. While OA demonstrates diverse phar-
macological effects, optimizing its therapeutic potential requires overcoming significant challenges.
In the field of pharmaceutical research, the exploration of efficient drug delivery systems is essential
to maximizing the therapeutic potential of bioactive compounds. Efficiently delivering OA faces
challenges, such as poor aqueous solubility and restricted bioavailability, and to unlock its full ther-
apeutic efficacy, novel formulation strategies are imperative. This discussion thoroughly investi-
gates different approaches and advancements in OA drug delivery systems with the aim of enhanc-
ing the biopharmaceutical features and overall efficacy in diverse therapeutic contexts.
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1. Introduction

Oleanolic acid (OA), a triterpenoid sourced from nature, is emerging as a promising
compound for its potential health benefits. OA has diverse pharmacological properties,
including antidiabetic, anti-inflammatory, immune-boosting, gastroprotective, hepato-
protective, antitumor, and antiviral activities [1,2]. In the last decade, a growing interest
and advancement in scientific understanding of OA has been observed [3]. These reports
cover the following topics: the pharmacological investigation of the plant-derived triter-
pene’s invaluable effects [4-10], bioavailability and toxicological studies [10-14], and the
clinical application of OA in the prevention of various ailments, primarily chronic dis-
eases, with inflammation and oxidative stress as the main mechanisms [15-18]. According
to the Biopharmaceutical Classification System (BCS), OA is a BCS IV drug, with limited
aqueous solubility and permeability being the main reasons for its restricted application
in health [19]. Despite its innumerable biological effects, OA has poor aqueous solubility
(1.75 pg/mL) with low bioavailability, similar to many other natural substances. OA’s oral
bioavailability is only 0.7% for oral doses of 25 and 50 mg/kg in rats, due to its poor solu-
bility and dissolution rate [20]. Therefore, its use in the pharmaceutical field is rather lim-
ited [3]. Many approaches have been attempted to address these issues. This review pre-
sents a current overview of the key developments in the OA delivery systems and the
recent findings and research progress made in the formulation of OA to enhance the bio-
pharmaceutical features and overall efficacy in diverse therapeutic contexts. Delivering
therapeutic compounds effectively is a challenge. Traditional formulations often lack pre-
cision and can cause side effects. Controlled drug delivery systems offer a solution by
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transporting drugs directly to target sites, minimizing side effects, and reducing required
dosages.

There are numerous examples of application of the drug delivery systems (DDS) in
this field related to isolated products from vegetable origin or purified extracts that con-
tain different classes of active ingredients [21].

In conducting this review, a comprehensive literature search was performed across
multiple databases, including PubMed, Scopus, and the Web of Science. Keywords such
as biological and pharmacological activities of oleanolic acid, molecular mechanisms of
oleanolic acid, oleanolic acid delivery, oleanolic acid formulation, and specific drug deliv-
ery systems for oleanolic acid, such as liposomes and nanoparticles, were used to identify
relevant studies. Inclusion and exclusion criteria were applied based on study relevance
to ensure the selection of pertinent literature for analysis.

1.1. Chemical Structure and Properties of OA

OA has three distinct functional groups: a 3-hydroxy at position 3, a carboxyl at po-
sition 28, and a double bond between positions 12 and 13, as shown in Figure 1. This com-
pound occurs naturally in a free acid form and serves as the aglycone for various triterpe-
noid saponins bound to sugar molecules. It appears as a colorless, tasteless, and odorless
solid, demonstrating minimal solubility in water [22]. OA has a molecular weight of 456.7
g/mol [3]. It is less hygroscopic because of its hydrophobic nature [23]. The biogenesis of
OA and steroids follows a similar pathway, which includes the cyclization of squalene, a
common precursor for both compounds. OA primarily features the oleanane skeleton as
its core structure [24].

Figure 1. Chemical structure of oleanolic acid.

1.2. Natural Sources of OA and Its Extraction

OA is a naturally occurring pentacyclic triterpenoid isolated from several food and
medicinal plants [25]. OA is named after the Olea europaea L. plant, which is the primary
source of commercial OA products [26]. OA is found in various plant families, such as
Araliaceae, Asteraceae, Ericaceae, Lamiaceae, Myrtaceae, Oleaceae, Rosaceae, Rubiaceae,
Saxifragaceae, and Verbenaceae [25,27,28]. Different parts of these plants may contain var-
ying amounts of OA. For instance, Olea europaea leaves have been found to have more OA
(31 mg/g dry weight) compared to the bark (up to 9.8 mg/g dry weight) [25,29].

Compounds such as OA and related triterpenes have low solubility in water and
other common organic solvents. They also tend to become saturated with co-extracted
metabolites [30,31]. To improve extraction, medium-polar solvents should be chosen with
a Hildebrand solubility parameter (0) in the range of 10 to 12. The n-butanol solvent (d =
10.4) is the best performer due to its compatibility with OA’s solubility parameter, which
is reported as 0 10.2. Solvents such as ethyl ether, chloroform, methanol, and ethanol also
yield high results, while nonpolar solvents such as toluene and cyclohexane are less effec-
tive [31,32]. Ethanol and methanol have matching polarities with OA, leading to high
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extraction yields. Ethanol is the preferred choice in the food, cosmetic, and pharmaceutical
industries due to its lower toxicity. Aqueous ethanol (EtOH:H20 70:30 v/v) is found to be
a better solvent than absolute ethanol, as indicated by different studies [33,34].

2. Pharmacological Activities of OA

OA has been the subject of extensive research due to its diverse pharmacological ac-
tivities (Figure 2). Below are some of the pharmacological activities of OA.
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Figure 2. OA pharmacological activities.

2.1. Anti-Inflammatory Properties

OA is recognized for its anti-inflammatory behavior by preventing hyperpermeabil-
ity, the formation of cell adhesion molecules, and leukocyte adhesion and migration, in-
dicating its potential as a treatment for vascular inflammatory diseases [35]. It has been
found that the main anti-inflammatory property of OA is mediated through the inhibition
of the Akt/mTOR, NF, and STAT3/6 pathways [36]. Moreover, OA forms a complex with
secretory phospholipase A2, a crucial enzyme in inflammatory responses, which causes
irreversible blockage [18]. In a study, OA protected against intestinal damage caused by
dextran sulfate sodium (DSS) in mice. It countered increased TGR5 and BAX expression
and decreased Bcl2 expression induced by DSS [37]. The high-mobility group box 1
(HMGB1) protein, known for its role in inflammation, exacerbates pro-inflammatory re-
sponses and correlates with a poor prognosis in severe inflammation with high mortality.
OA effectively inhibits HMGBI release and subsequent pro-inflammatory effects on hu-
man endothelial cells. These findings highlight OA’s potential therapeutic value in inflam-
matory diseases by targeting the HMGB1 pathway [38]. Studies explored OA'’s influence
on eicosanoid production in human coronary smooth-muscle cells. OA stimulated the re-
lease of prostaglandin 12 (PGI2) via upregulation of Cox-2. This effect was blocked by a
Cox-2 inhibitor. OA also activated p38 and p42/44 MAPK pathways, contributing to Cox-
2 upregulation and PGI2 release. These findings suggest OA helps maintain vascular
health by promoting PGI2 release through Cox-2 activation [39]. The inhibitory effects of
OA on allergic inflammation using human mast cells and a mouse model of anaphylactic
shock have also been investigated. OA suppressed pro-inflammatory cytokines and his-
tamine release by inhibiting the Akt, p38 MAPK, NF-kB, and STAT1 signaling pathways.
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These findings suggest that OA could serve as a therapeutic option for allergic disorders,
including anaphylaxis [40].

2.2. Antioxidant Effects

OA does not just act as a free radical-scavenger through direct chemical reactions—
it also serves as a biological molecule, potentially boosting antioxidant defenses [41]. OA
also demonstrated significant superoxide anion scavenging activity and dose-dependent
inhibition of xanthine oxidase, pentosidine, and carboxymethyl lysine formation [42]. In
a study on Dahl salt-sensitive rats, OA exhibited potent antioxidant activity, increasing
glutathione peroxidase by 12% and superoxide dismutase by 12%. This suggests OA’s
potential in combating oxidative stress, a crucial factor in hypertension and related com-
plications [43]. OA also showed an ability for enhancing protection against oxidative
stress in macrophages [44].

2.3. Anticancer Potential

OA has gained significant attention owing to its remarkable antitumor effects and
pharmacological safety [45]. Research shows that OA has a significant effect on treating
different tumor cell lines, including human breast cancer cells, such as MCF-7 and MCF-
7/ADR, the astrocytoma cell line 1321N1, hepatocellular carcinoma, colorectal cancer cells
(HCT-116), and various others [46]. Moreover, OA showed antimutagenic effects in Balb/c
mice, as evidenced by the micronucleus test conducted on peripheral blood and bone mar-
row [47]. In cancer, the inflammation is pivotal for development and progression. NF-kB,
a key factor in inflammation, is often overexpressed in cancer cells, suppressing tumor cell
apoptosis and sustaining a pro-cancer inflammatory environment. OA shows a promising
effect on countering inflammation and cancer, potentially by targeting NF-«kB, though its
precise mechanism is still unknown [48]. The potential of OA in cancer treatment is high-
lighted by its impact on key cellular pathways, including apoptosis, AMPK, ERK 1/2,
MMPs, PI3K/Akt/mTOR, ROS/ASK1/p38 MAPK, NF-«kB, and CDK4 [49].

2.4. Hepatoprotective Activity

OA has been employed in China for decades as an over-the-counter hepatoprotective
drug [50]. OA is renowned for its ability to provide hepatoprotection in cases of acute,
chemically induced liver injury, chronic liver fibrosis, and cirrhosis [51]. A research study
revealed that hepatoprotective doses of OA in rats and mice elicited a consistent pattern
of gene expression changes, especially significant increases in the expression of genes re-
lated to metallothionein and erythroid 2-related factor 2 (Nrf2). These findings offer new
insights into the broad hepatoprotective mechanisms of OA [52]. Another study explored
OA'’s protective effects against carbon-tetrachloride-induced liver damage in mice: OA
pretreatment significantly reduced liver enzyme activity and lipid peroxidation while pre-
serving glutathione levels. It also inhibited the activity and expression of cytochrome P450
2E1, the enzyme responsible for carbon tetrachloride activation [53]. Furthermore, the
combination of OA and ursolic acid (UA) prevents the steatosis induced by anti-TB drugs
[54]. The precise hepatoprotective mechanism of OA remains uncertain [55], but Hao et
al. explored its effect against hepatic ischemia-reperfusion injury through the HO-1/Sesn2
pathway, which involves the upregulation of Sesn2, PI3K, Akt, and HO-1 expressions [56].

2.5. Neuroprotective Activity

Neuroprotective potential is evident across various studies on OA. In cell studies, OA
suppressed the release of IL-1f3, IL-6, TNF-a, and NO, suggesting its neuroprotective role
against oxidative stress and inflammation linked to Alzheimer’s disease [57]. In rat mod-
els, OA administered before inducing cortical hypoxia demonstrated neuroprotective ef-
fects by suppressing harmful glial activities and promoting neuronal survival [58]. Addi-
tionally, OA showed potential in protecting against stroke-induced injury in mice,
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providing both short-term antioxidant benefits and long-term neuroprotection [59]. More-
over, in subarachnoid hemorrhage studies, OA exhibited neuroprotection by reducing
HMGBI acetylation through SIRT1 activation, demonstrating anti-inflammatory effects
and decreasing TLR4 levels [60]. OA also reduced cytotoxicity and ROS levels in vitro,
decreased cerebral infarction, and improved neurological scores in rat models of ischemia.
It also increased cell survival and reduced apoptosis in the infarct area while regulating
the GSK-33/HO-1 pathway [61]. The molecular dynamic simulations and docking, along
with biomimetic tests, explored OA’s potential as an AChE inhibitor. In vitro tests with
SH-SY5Y cells indicated reduced cell viability at higher concentrations, with an IC50 value
of 714.32 + 32.40 ug/mL. In vivo tests on zebrafish showed no significant differences in
mortality rate or morphology between the control and experimental groups. CH-mt inter-
actions between OA and aromatic side chains were observed, revealing insights into its
inhibitory mechanism against AChE [62].

2.6. Other Therapeutic Effects

OA offers diverse therapeutic benefits, including managing diabetes and supporting
heart and kidney functions. In an investigation, OA demonstrated prominent effects in
reducing blood glucose levels and promoting weight loss in diabetic animals induced by
streptozotocin. Additionally, in an insulin-resistant model, OA could enhance insulin sig-
nal transduction. These results significantly contributed to advancing our comprehension
of the pharmacological effects of OA in diabetes mellitus [63]. A study investigated OA
effects on hepatic insulin resistance in obese diabetic mice. OA administration for two
weeks improved glucose tolerance, insulin signaling, and reduced liver fat accumulation.
It also lowered blood glucose, triglycerides, cholesterol levels, and inflammatory markers.
These results suggest OA’s potential for treating insulin resistance and related metabolic
disorders [64]. By acting as a TGR5 agonist, OA decreases serum glucose and insulin levels
in mice on a high-fat diet, thereby enhancing glucose tolerance [65]. TGR5, found in pan-
creatic tissue, influences beta cell function. OA activates TGR5, increasing intracellular
cAMP levels and stimulating insulin secretion via a PKA-dependent pathway. OA affects
KATP and Ca? currents, enhancing stimulus-secretion coupling in beta cells [66]. The
therapeutic effects of OA on hyperlipidemia induced by a high-cholesterol diet in rats
were also explored. OA supplementation for 15 days reduced serum cholesterol levels,
suppressed Acyl-CoA cholesterol acyltransferase gene expression, and decreased hepatic
lipid accumulation. These findings suggest that OA has potential therapeutic benefits
against diet-induced hyperlipidemia by inhibiting cholesterol absorption and storage [67].
OA has demonstrated clear biological activity, including antibacterial, antiviral, and anti-
protozoal effects [28]. Moreover, OA has been shown to decrease and mitigate the severity
and progression of experimental autoimmune encephalomyelitis. Hence, using OA for
therapeutic purposes carries considerable clinical significance in the treatment of human
multiple sclerosis [68].

A study examined the effects of OA on aldose-reductase and glycation products in
diabetic mice. OA intake reduced glucose levels, increased insulin, and improved kidney
function. It also lowered AR activity, decreased renal sorbitol and fructose concentrations,
and enhanced glyoxalase I activity. These findings suggest that OA may help prevent or
alleviate glycation-related kidney diseases [69].

Obesity-related inflammation, driven by adipose tissue macrophages, is a key factor
in metabolic disorders. OA showed a significant antidiabetic and anti-inflammatory effect.
In obese mice, OA improved insulin resistance and reduced adipose tissue inflammation.
It also lowered pro-inflammatory markers in both mice and cultured macrophages (RAW
264.7). OA targeted mitochondrial function and macrophage activation by inhibiting
MAPK signaling and NLRP3 inflammasome activation [70].

The cardioprotective effects of OA against doxorubicin (Dox)-induced cardiotoxicity
in rats were also probed. Dox administration caused cardiac damage, evidenced by altered
blood pressure, left ventricular function, and biochemical markers. OA significantly
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protected against Dox-induced toxicity, indicating OA’s potential as a protective therapy
alongside Dox in cancer treatment [71].

In a study on mice with testosterone-induced androgenetic alopecia, the effects of
different concentrations of OA on hair growth and related mechanisms were examined.
Mice treated with 1% or 0.5% OA showed significantly improved hair growth, along with
increased levels of key factors, such as vascular endothelial growth factor and fibroblast
growth factor receptor. Immunofluorescence staining revealed significant expression of
[-catenin, suggesting that OA stimulates hair growth via the Wnt/3-catenin pathway
while also reducing levels of factors inhibiting hair growth [72].

Another study explored how OA resists extracellular matrix degradation and its pro-
tective effects in osteoarthritis. OA boosts type II collagen production, suppresses matrix
metalloproteinases, and decreases inflammatory cytokines and cartilage markers, thereby
impeding cartilage degeneration. OA also hinders the Wnt/B-catenin pathway, triggers
the Hippo/YAP pathway, and prevents ECM degradation by blocking 3-catenin and YAP
nuclear translocation [73]. Recently, interest has grown in the impact of bile acids and their
receptor, TGR5, on muscle function and metabolic health. Increasing slow muscle fiber
content is seen as beneficial for metabolic health. OA-activating TGR5 was studied for its
effect on muscle fiber types and associated mechanisms. Mice were supplemented with 0,
50, or 100 mg/kg of OA, and C2C12 cells were treated with various OA concentrations.
OA promoted conversion from fast to slow muscle fibers by activating the TGR5-mediated
calcineurin/nuclear factor of activated T cells cytoplasmic 1 (NFATc1) pathway. Inhibiting
TGRS5 and calcineurin reversed OA’s effects on muscle fiber transformation [74]. The ef-
fects of OA on skeletal muscle production and proliferation of C2C12 cells were investi-
gated. It was found that OA significantly boosts skeletal muscle mass, improves glucose
intolerance and insulin resistance, and inhibits dexamethasone-induced muscle atrophy
by regulating the PI3K/Akt pathway. Moreover, OA reduces the expression of atrophy-
related genes in the skeletal muscle of obese mice and enhances PI3K/Akt activation, pro-
moting protein synthesis and alleviating muscle atrophy [75]. A study investigated OA’s
therapeutic effects on renal ischemia reperfusion injury (RIRI) and its mechanism. Rats
with RIRI were treated with OA alone, LY294002 (a PI3K inhibitor) alone, or their combi-
nation. Results showed improved kidney symptoms and decreased Cr levels in all treat-
ment groups. Expression levels of PI3K/Akt pathway components were significantly re-
duced in treated groups compared to the RIRI model group. This suggests that OA may
alleviate RIRI symptoms by inhibiting the PI3K/Akt pathway [76].

In summary, OA exhibits a wide range of therapeutic benefits, including antidiabetic,
anti-inflammatory, and cardioprotective, properties. Its versatility extends to managing
diabetes, reducing hyperlipidemia, mitigating nephrotoxicity, promoting hair growth,
and protecting against obesity-related inflammation. These findings highlight OA’s po-
tential for diverse clinical applications.

3. Combination with Other Natural Compounds or Conventional Drugs

The synergistic combination of natural compounds or drugs holds profound thera-
peutic potential, presenting a promising route for enhanced efficacy and unlocking the
possibility of improved treatment outcomes and novel avenues for addressing complex
medical conditions [77-79]. Numerous studies have investigated the synergistic potential
of combining OA with various natural compounds or drugs.

OA, maslinic acid (MA), and their combination were studied to enhance the anti-
cancer effect. Apoptosis increased in all treated groups. MA induced a 1.74-fold increase
in autophagosomal LC3-II formation, while MA-OA induced a 3.25-fold increase. The
combination treatment upregulated genes such as GSK3B, PTEN, CDKN1B, and FOXO3,
and downregulated IGF1, PRKCB, and AKT3 genes. The results indicated the highest syn-
ergistic effect at the lowest dose with MA-OA, inducing apoptosis in cancer cells. Com-
bining drugs may alleviate cancer cell resistance to treatment [80].
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In another research OA, UA, and triterpenoids used in treating diseases, including
tuberculosis, were incorporated into a metered-dose inhaler (MDI) to enhance lung-spe-
cific drug delivery for advanced tuberculosis treatment. In Wistar rats, the combination
therapy increased the biological half-lives of UA (9.23 + 0.104 h) and OA (8.93 + 0.166 h)
with no adverse effects on body weight or vital organs in the in vivo toxicity study. The
AUC of UA and OA was observed as 26.48 + 1.29 and 428.25 + 1.87 ng h/mL, respectively.
Histopathology revealed no abnormalities, and mild alterations in biochemical and hema-
tological parameters did not impact overall health [81].

A study assessed the impact of UA, OA, and the cytostatic drug camptothecin-11
(CPT-11) on colorectal cancer cells. Results showed reduced cancer cell viability and mi-
gration, downregulation of the urokinase plasminogen activator and its receptor
(uPA/uPAR)-dependent matrix metalloproteinases (MMP) pathway, and increased E-cad-
herin levels. Combining UA and OA, especially with CPT-11, enhanced anti-tumorigenic
effects without a severe impact on normal cells [82]. A different study explored the hepa-
toprotective effect of a UA and OA mixture against antituberculosis drug-induced dam-
age. This UA/OA mixture, obtained from Rosmarinus officinalis methanolic extract, was
administered intragastrically to male Balb/C mice at 10 and 20 mg/kg for 60 days. It
showed positive impacts on body weight, reduced hepatic enzyme levels (AST, ALT, and
ALP), and decreased steatosis, similar to the positive control, silymarin. The 10 mg/kg
dose demonstrated significant hepatoprotective effects, suggesting its efficacy in counter-
ing antituberculosis drug-induced damage over 60 days [83]. Another research study
probed a novel combination of OA and metformin for type 2 diabetes therapy. In a four-
week treatment of male mice, the combination significantly lowered blood glucose and
insulin levels, improved liver pathology, and enhanced glycogen-synthesis-related
mRNA expression. The therapy also positively influenced signaling pathways, indicating
synergistic effects in improving diabetes symptoms [84]. In the antibacterial study as-
sessing the synergistic combination of OA and UA, the testing on four pathogens revealed
synergistic effects when combined with p-lactam antibiotics (ampicillin and oxacillin)
against Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis,
and Listeria monocytogenes. This suggests that OA and UA could be useful in combina-
tion with 3-lactam antibiotics to combat infections caused by certain Gram-positive path-
ogens, addressing antibiotic resistance [85]. In another investigation, a carrier-free nano-
sensitizer (OC) was developed using self-assembly technology, combining the anticancer
drug OA and the photosensitizer chlorin e6. OC exhibited enhanced accumulation in can-
cer cells and strong tumor penetration. It demonstrated significant synergistic inhibitory
effects under light and ultrasound irradiation, causing high reactive oxygen species (ROS)
generation, mitochondrial membrane potential loss, apoptosis, and cell cycle arrest. In
vivo studies confirmed the synergistic therapeutic effects of OC in a mouse model. The
self-assembled OC holds potential for synergistic chemo/sono-photodynamic therapy in
cancer treatment [86].

4. Preclinical and Clinical Studies

OA has undergone comprehensive preclinical investigations, and although clinical
studies are limited, emerging research suggests its potential therapeutic benefits in vari-
ous applications. Pharmaceutical research interest sparked a focus on measuring OA in
human serum. A study was conducted regarding bioavailability enhancement of OA,
where 22 participants received a single 30 mg dose of OA in functional olive oil. Results
revealed OA’s max serum concentration (500-600 ng mL") and AUCo-- (2862.50 + 174.50
ng h mL). OA associates with serum albumin and triglyceride-rich lipoproteins (TRL),
inducing conformational changes in albumin. TRL efficiently incorporates OA, reaching
the maximum concentration (140 ng mL-) after 2—4 h, suggesting potential as carriers for
high bioavailability in target tissues [87]. Another report evaluated the clinical safety and
effectiveness of NG440, a phytochemical-based anti-inflammatory formula combining
rho-iso-alpha acids from hops, rosemary, and OA. The research demonstrated a
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significant 50% reduction in pain among osteoarthritis patients using NG440. Multicenter
trial results confirmed reduced pain scores in individuals with joint discomfort. Ex vivo
clinical studies suggested that NG440’s pain relief may result from decreased inflamma-
tory cytokine production, including lower prostaglandin E2 formation. Animal toxicity
data indicated NG440’s safety at dosages < 250 mg kg day~' for 21 days, and human trial
data showed no adverse effects on cardiovascular and gastrointestinal markers affected
by COX-2 inhibitors. NG440 emerged as a safe and effective alternative in areas tradition-
ally using specific COX-2 inhibitors [88].

5. Challenges in OA Delivery

The effective delivery of OA faces challenges related to its poor aqueous solubility,
limited bioavailability, and the need for innovative drug delivery systems to enhance its
therapeutic efficacy. “Poorly water-soluble” lacks an official definition in regulatory liter-
ature. The BCS categorizes drugs as highly or lowly soluble: “A drug substance is classi-
fied as highly soluble if the highest single therapeutic dose is completely soluble in 250
mL or less of aqueous media over the pH range of 1.2-6.8 at 37 + 1 °C” [89]. According to
this definition, if the drug does not exhibit high solubility, it falls into the category of low
solubility. An alternative perspective for formulation scientists defines solubility as fol-
lows: soluble if >10 mg/mL, poorly soluble if <1 mg/mL, with an intermediate range (1
mg/mL < x <10 mg/mL) indicating a gradual transition [90]. OA is categorized as a Class
IV compound in the BCS system, characterized by both low water solubility, around 1
ug/mL, and limited permeability (Papp = 1.1-1.3 x 10 cm/s) [3,20]. OA’s low aqueous
solubility and limited permeability are due to the presence of nonpolar functional groups
in its structure. The molecule consists of a pentacyclic triterpenoid structure with multiple
hydrophobic regions, such as bulky ring structures. These hydrophobic characteristics
make OA poorly soluble in water [3,31]. The poor water solubility of a substance is linked
to its restricted oral bioavailability [91], as indicated by a study conducted by Jeong, which
reported an absolute oral bioavailability of 0.7% with oral doses of 25 and 50 mg/kg of OA
in rats. The extremely low oral bioavailability of OA may be attributed to inadequate ab-
sorption and substantial metabolic clearance [20]. Pharmaceutical compounds character-
ized by low solubility present a great risk of challenges during drug innovation and de-
velopment. Solubility significantly impacts key parameters, such as pharmacokinetics,
pharmacodynamics, drug distribution, protein binding, and absorption [92]. In the realm
of pharmaceutical research, exploring effective drug delivery systems is crucial for opti-
mizing the therapeutic potential of bioactive compounds. Addressing these challenges in
OA administration requires innovative formulation strategies aimed at improving their
solubility, bioavailability, and overall therapeutic efficacy to evaluate the full therapeutic
potential of these molecules in different clinical applications.

In the contemporary era of technological advancement, novel DDS have emerged as
a gateway to enhancing the bioavailability of herbal drugs [93]. These innovative formu-
lations offer significant advantages over traditional plant active formulations, such as in-
creased solubility, enhanced bioavailability, mitigation of toxicity risks, increased phar-
macological activity and intracellular uptake, enhancement of pharmacokinetics and bio-
distribution, improved distribution to tissue macrophages, sustained release, and protec-
tion against physical and chemical degradation [94].

The following discussion explores various approaches and advances in OA delivery
systems in different therapeutic contexts. Figure 3 provides a visual overview of OA de-
livery systems applied to OA formulation.
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Figure 3. Illustration of oleanolic acid delivery using various lipid-based systems and nanocarriers:
(A) solid lipid nanoparticle, (B) liposomes, (C) microemulsions, (D) nanosuspension, (E) phospho-
lipid complexes, (F) nanostructured lipid carriers, (G) nanoparticles, (H) micelles, and (I) solid dis-
persion.

5.1. Lipid-Based Delivery Systems

In recent years, much attention has been devoted to using lipid-based drug delivery
systems (LBDDS) to improve the oral bioavailability of poorly water-soluble pharmaceu-
ticals, and to achieve precise and time-regulated drug release [95,96]. LBDDS effectively
handle drugs with low water solubility, offering size-dependent properties and promi-
nent advantages, such as high biocompatibility and versatility. Commercially viable for
various delivery routes, these systems can be tailored to meet specific product require-
ments, making them attractive for pharmaceuticals, vaccines, diagnostics, and nutraceuti-
cals [97]. LBDDs have gained importance for enhancing the solubility and bioavailability
of poorly water-soluble drugs [98]. In particular, oral absorption of lipophilic compounds
can be significantly improved using these systems. LBDDs, such as micro- and nano-emul-
sions, solid lipid nanoparticles, and nanostructured lipid carriers, represent a successful
example of nanoformulations applied to overcome the limitations of natural compounds
[99-105]. Several research activities have also been performed to improve the solubility
and dissolution profile of OA (Tables 1 and 2).

5.1.1. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles (SLN; Table 1) provide controlled drug release, targeted de-
livery with low toxicity, increased stability, and high drug loading. SLN are made of li-
pids, solid at both body and room temperatures. These lipids are dispersed in an aqueous
medium and usually stabilized by a surfactant that covers the solid core [106,107].
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A study was conducted to produce OA-SLN employing the film-ultrasound disper-
sion technique [108]. Another study aimed to produce OA-SLN using the film-ultrasonic
wave dispersion technique. Optimal conditions were determined through an orthogonal
test based on encapsulation efficiency. Results showed that a 40 min ultrasonic wave du-
ration, a 1:8 ratio of OA to phospholipids, and 15 mL of 60 g/L. mannitol yielded nanopar-
ticles with a diameter distribution of 75 + 20.3 nm and encapsulation efficiency exceeding
97.81% [109]. Similarly, OA-SLN were prepared using an improved emulsion-solvent
evaporation method. In vitro release testing revealed a slow-release rate of OA at 4.88%
per hour, consistent with the zero-order release model. Additionally, OA-SLN demon-
strated stability in artificial gastric and intestinal juices [110].

The evolution from SLN to nanostructured lipid carriers (NLC; Table 1) is a signifi-
cant advancement in DDS, with both platforms demonstrating remarkable versatility and
potential in pharmaceutical applications. The NLC are advanced drug delivery systems
with a liquid and solid matrix at room temperature, composed of biocompatible lipids
and surfactants. They have gained regulatory approval and witnessed rapid market
growth, with around 30 commercial preparations available. NLC offer superior ad-
vantages over other colloidal carriers, including an enhanced drug loading capacity and
modulation of drug release [111]. A study was conducted to develop NLC loaded with
OA and gentiopicrin, using glycerin monostearate, oleic acid, and Poloxamer 188 to pro-
duce optimized NLC. Notably, a sustained release profile was observed. Co-loaded NLC
extended drug concentrations in plasma, offering protective effects against hepatic injury
compared to individual loading. The study confirmed the successful simultaneous load-
ing of OA and gentiopicrin into NLC for enhanced therapeutic benefits [112]. In a similar
study, OA-NLGC, initially composed of soy lecithin (LC), tristearin (TS), and palmitic acid
(PA) at a molar ratio of 2:2:1, was improved by partially substituting LC with an ion-pair
amphiphile (NLCIPA). The optimal LC/IPA ratios for NLCIPA formulations were deter-
mined to be 2:3, 3:7, and 1:4. NLCIPA showed higher stability than conventional NLC,
with 30 mol% LC considered optimum. OA-loaded NLCIPA exhibited enhanced drug ac-
cumulation and sustained release compared to NLC. In cytotoxicity studies on cancer cell
lines, OA-loaded NLCIPA demonstrated superior efficacy over NLC, making NLCIPA a
promising alternative for enhancing the therapeutic efficacy of OA as an anticancer drug
[113].

5.1.2. Micro- and Nano-Emulsions

Microemulsions (ME) are transparent, thermodynamically homogeneous disper-
sions of two immiscible liquids stabilized by an interfacial film of surfactants. They require
very low energy to be formulated, as they form spontaneously when aqueous, oily, and
amphiphilic components are brought into contact, as well as having a lower production
cost than nano-emulsions. They offer advantages for drug delivery, including easy for-
mation, stability, and improved solubilization of drugs [114-116]. Some applications are
summarized in Table 1. Building on the advantages of ME as an optimal choice for orally
delivering olive extract [117], a recent study focused on pentacyclic-triterpenes-enriched
extract (EXT), with the main component being OA. The study developed a ME loaded
with EXT for oral administration. The ME-EXT showed increased EXT solubility, stability
over two months, prolonged release of triterpenes, improved permeability, and enhanced
inhibition of intracellular lipid accumulation in human hepatocarcinoma cells (HepG2)
[118]. In a subsequent study, two microemulsions (ME-1 and ME-2) were formulated to
enhance OA'’s solubility and intestinal permeability. Both MEs increased OA solubility
significantly. An in vitro intestinal permeability assay demonstrated an enhanced passive
permeability for both ME formulations compared to free OA. Moreover, the release of OA
was gradual and sustained, with the percentage reaching 60% for ME-1 and 51% for ME-
2 after 8 h, as shown in Figure 4. The study also suggested that both MEs enhanced OA’s
protective action against LPS-induced oxidative stress in murine macrophages, indicating
potential clinical applications for improving OA oral bioavailability [44]. A self-micro-
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emulsifying drug delivery system (SMEDDS) was developed to enhance the solubility and
oral bioavailability of OA. Compared to conventional tablets, SMEDDS showed a 5.07-
fold increase in oral bioavailability in rats [119].
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Figure 4. In vitro release profiles of OA from solution, ME-1 and ME-2, in EtOH:PBS (30:70). Values
are reported as mean + SD of three independent experiments. Tukey’s test (n = 3): * p < 0.05, ** p <

0.01, and *** p <0.001 vs. OA solution at the corresponding times. Reproduced with permission from
[44], MDPI, 2022.

Nano-emulsions (NE) are composed of extremely small droplets, usually oil dis-
persed in water, with sizes below 300 nm. They can be prepared using lower concentra-
tions of surfactants with respect to ME. They are fine dispersion systems not in equilib-
rium, with a spontaneous tendency to separate into constituent phases. They can have a
relatively high kinetic stability due to their very small size, essentially as a result of con-
siderable steric stabilization between the drops. Despite being in a non-equilibrium state,
they exhibit slow destabilization kinetics, making them kinetically stable due to their tiny
size, which prevents droplet flocculation and coalescence, primarily influenced by Ost-
wald ripening [120-124]. NE protects the active ingredient from degradation and extends
its bioavailability [124]. The applications of NE to OA delivery are reported in Table 1. In
a study, a self-nano-emulsified drug delivery system (SNEDDS) was developed for OA
oral delivery. Optimized formulations demonstrated significantly improved dissolution
and oral bioavailability compared to a commercial tablet [125]. Similarly, another study
designed and optimized a NE for dermal delivery of OA and UA, natural or synthetic,
using castor oil, labrasol, transcutol-P, and propylene glycol. The selected Smix ratio (4:1)
produced two NEs with mean droplet sizes below 600 nm. Both formulations, exhibiting
similar permeation parameters for local action, proved non-toxic and non-irritating in
vivo. Additional parameters assessed included the mean dissolution time (MDT) and dis-
solution efficiency (DE). MDT values were 32.71 +0.88 h and 32.41 + 1.86 h for NM-OA/UA
NE and SM-OA/UA NE, respectively. Similarly, DE values were 56.71 + 1.17% and 56.78
+ 2.48%, respectively. The NE loaded with OA and UA demonstrated superior anti-in-
flammatory efficacy compared to the synthetic counterpart, accentuating the potential of
o/w NE for effective dermal delivery of OA and UA [24].

5.1.3. Liposomes

Liposomes are sphere-shaped vesicles comprising one or more layers of phospholip-
ids, significantly impacting DDS. They have become indispensable tools in various scien-
tific fields and represent advanced drug delivery systems, with several formulations in
clinical use. These lipid vesicles have enhanced the formulation of potent drugs, aiming
to minimize toxicity and improve accumulation at the intended target site [126,127]. Dif-
ferent studies were conducted for the development of OA liposomes (Table 2).
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Galactosylated chitosan-modified liposomes (GC@Lipo) were developed to address the
challenge of non-specific drug distribution in hepatocellular carcinoma (HCC) treatment.
These liposomes selectively bind to the asialoglycoprotein receptor (ASGPR) on HCC cell
surfaces. The study showed that GC@Lipo significantly improved the antitumor efficacy
of OA by enabling targeted drug delivery to hepatocytes. In mouse Hepal-6 cells, OA-
loaded GC@Lipo inhibited migration and proliferation, upregulating E-cadherin and
downregulating N-cadherin, vimentin, and Anexelekto compared to free OA solution and
OA-loaded liposomes. In an axillary tumor xenograft mouse model, OA-loaded GC@Lipo
reduced tumor progression, concentrating in hepatocytes [128]. An investigation was car-
ried out to address the health risks posed by airborne fine particulate matter (°PM2.5), par-
ticularly in manual laborers who are exposed to both PM2.5 and alcohol. The combination
of PM2.5 exposure and alcohol consumption can exacerbate liver damage and lead to con-
ditions such as liver fibrosis. To mitigate these risks, OA-liposomal nanovesicles (OA-
Lipo) were developed, exhibiting reduced cytotoxicity and anti-inflammatory effects. In a
mouse model, OA-Lipo effectively alleviated PM2.5 and alcohol-induced liver fibrosis,
suggesting their potential for treating environmental and alcohol-related liver injuries
[129]. Likewise, a study was intended to improve the solubility and oral bioavailability of
OA using polyvinylpyrrolidone (PVP)-modified liposomes. These liposomes, composed
of soybean lecithin, cholesterol, PVP-K30 coating, and sodium deoxycholate, were pre-
pared to enhance drug solubility. Characterization showed spherical particles with a high
encapsulation efficiency (>90%). Compared to commercial tablets, the liposomal formula-
tion increased OA’s maximum plasma concentration by 6.90-fold in rats, indicating a rel-
ative bioavailability of 607.9% [130]. Similarly, nanoliposomes of OA were prepared using
the modified ethanol injection method. These liposomes featured a hydrophobic OA core,
an amphiphilic soybean lecithin monolayer, and a protective hydrophilic polyethylene
glycol (PEG) coating. Results demonstrated slower OA release from PEGylated liposomes,
potentially reducing drug toxicity. Surface-modified liposomes exhibited enhanced inhi-
bition of HeLa cells, and the liposomal formulations displayed improved in vitro stability
compared to native OA. A suggested mass ratio of OA to PEG is 1:1, proposing these lip-
osomes as an effective antitumor drug delivery system, particularly beneficial in cancer
therapy [131]. In a similar manner, a study aimed to develop multivesicular liposomes
(MVLs) encapsulating OA to address its poor solubility and enhance its antitumor efficacy
against hepatocellular carcinoma. Using a double-emulsion method, optimized OA-
MVLs were synthesized and characterized. In vitro studies demonstrated sustained drug
release, as shown in Figure 5A, and effective inhibition of HepG2 cell growth. In vivo, OA-
MVLs exhibited prolonged circulation compared to the OA solution (Figure 5B), no ob-
served toxicity at medium doses, and suppressed murine H22 hepatoma growth, extend-
ing survival in tumor-bearing mice [132].
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Figure 5. Drug release characterization both in vitro (A) and in vivo (B) from the formulation of OA-
MVLs. Reproduced with permission from [132], Dovepress, 2016.
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Table 1. OA-loading SLN, NLC, ME, and NE: characteristics and performance evaluation. A: increase; V: decrease
Chemical and Physical Parameters . Solubility Permeability Activity and/or
DDS C t: In Vitro Rel Ref
omponents EE DL Size (nm)  Z-Potential (mV) PDI VIO REease  rmg/mL) (Pe) Bioavailability eterences
OA and lipid 942+39% 4.7+0.2% 104.5+11.7 -255+1.8 - 4.88% per hour - - - [110]
1520.7 +25.3
OA and gentiopicrin, glycerin (ug min/mL)
monostearate, oleic acid, Polox- 483 +2.7% 8.1+0.4% 111.0+1.6 -23.8+04 0.287 £0.01 70% after 10 h - - i/v route [112]
amer 188 VALT
VAST
N gy T N NG o
. o NLCrra (2:3): NLCrpa (2:3): NLC =80% Anticancer activity in
IPA: sodium dodecyl sulphate, NLCrra NLCira
hexadeoTtrimatho Lt 85% 8.7% (139-150) (510.9) NLCea (2:3): 62% HepG2, Huh-7,
exadecy rmety ammontm - \y o, (3:7): NLCrra (3:7): ° 03-05  NLCrea (3:7): 42% - - HCT-116, [113]
bromide (1:1) OA-NLCira OA-NLCira
I 90% 9.2% NLCrra (1:4): 60% OA-NLCira
NLCra = Lecithin + IPA NLCirs (114 NLC (14, (140160 (-4 to -8) (after 80T o OANLC
(2:3,37, 1:4) 9“;;‘ e 9”; * 0ANLC OA-NLC
OA NLCira = OA-NLCira ? o (260-265) (-9 to -9.5)
Smix: Transcutol HP, TPGS (9:1) . ; . .
2+ 1.7% R o x 1. I~ \l/ - -
Oil = Capryol 90 - 2mg/mL  107.8+15 205+ 0.4 0.240.02 7324 177 2 10210+ 148 107 W HepGZinduced in- ;)
. X after 24 h cm/s after 6 h tracellular lipid level
Smix/Oil: (9:1)
ME-1-OA
(Ca%’i‘;f;igi:???;zlo? ME-1-OA  ME-1-OA ME-1-OA ME-1-OA ME-1-0OA ME-1-OA A bioactivity of OA
ME MEooa ] (Img/mL)  (93.0:34)  (-3.32£002)  (0.20+0.04) ) (1000-fold)  5.70+0.01 x 10 cm/s  against LPS-induced ad]
(Nigella oil/ isopropyl myristate ME-2-OA ME-2-OA ME-2-OA ME-2-OA ME-2-OA ME-2-OA oxidative stress in
(1:1), Transcutol HP, Cremophor (Bmg/mL) (1762:023) (-11.63£0.01)  (0.20£0.07) (3000-fold)  4.74+0.04 x 105 cm/s RAW 264.7 murine
EL, water, 4:30:16:50)
Ethyl oleate, Cremophor EL, Etha- . 13194033 497 ) . ~85% in 60 h 13.19£0.33 ) MN1740.1 (ng h/mL) [119]

nol (50:35:15) mg/g

5.07-fold
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Formulation-I
Sefsol 218/Cremophor EL/Labrasol

Formulation-I

Formulation-I

(50:25:25), Formulation-II 384402 0.055
Sefsol 218/Cremophor EL/Labra- o T
Formulation-II Formulation-II
sol/Transcutol P (50:22.5:22.5:5), 464405 0120
Formulation-III - o o >75% - [125]
Formulation-IIT Formulation-IIT
Sefsol 218/Cremophor EL/Labra- 753403 0.238
sol/Transcutol P (50:20:20:10), o o
Formulation-IV Formulation-IV Formulation-IV
NE Sefsol 218/Cremophor EL/Labra- 1104+0.6 0.258
sol/Transcutol P (50:17.5:17.5:15)
Natural mixture (NM-OA/UA)
and Symhgi%“:;mre (SM- NM-OA/UA NM-OA/UA  NM-OA/UA NM-OA/UA %Aus,
tor ol 20%), and propylers 0.2% () 2009-5905) (025t00.73); DS (56.7 +1.2%) A In vivo anti- 1133]
castoro el (Z 00/1)3 opylene <RI oM-0A/UA SM-OA/UA  SM-OA/UA SM-OA/UA %Aus,  inflammatory activity
5 ° (139.7-450.9) (0.18t00.66) DS (56.8 +2.5%)

Smix (59.80%): (labrasol, trans-

cutol-P) (4:1)

Abbreviations: NE: nano-emulsion, ME: microemulsion, SLN: solid lipid nanoparticles, NLC: nanostructured lipid carriers, IPA: ion-pair amphiphile; %Aus

amount of OA/UA permeated at 48 h, OA: oleanolic acid, UA: ursolic acid, ALT: alanine aminotransferase, AST: aspartate aminotransferase.

Table 2. OA-loading liposomes, micelles, and nanosuspensions: characteristics and performance evaluation. /: increase; \: decrease

Parameters of Formulations

Solubility = Permeability  Activity and/or Bioa- References

DDS Components EE DL Size (nm) Z-Potential Pdl In Vitro Release (mg/mL) vailability
(mV)
VOA cytotoxicity
DSPC: 8.7 mg, cholesterol: o 54% release in 24 .
29 mg OA: 6.85 mg 79% - 353 +140 - - h MNhepatoprotective ef- [129]
fect
Soybean phospholipid: 10
mg . ~ . ) Increased bioavailabil-
OA:1 mg, cholesterol: 1 mg, 93.9% 1794 +3.15 28.8+1.72 0.159 +0.061 ity of 607.9% [130]
Liposomes sodium deoxycholate: 1 mg
soybean phosphatidylcho- Qo ) ) ) } .
line, cholesterol, PEG-2000 63-98% <200 slower release reduce drug toxicity [131]
soybean lecithin 80 mg, cho- suppressed the growth
lesterol 45.6 mg, triolein 20 . o . of murine H22 hepa-
mg, stearic acid 1 mg, OA 16 823+0.61% - Averafi 157 1335 mv 021 0% rdeise in120 - toma AUCo- (h ng [132]
mL-T)
26,131.37

mg, aqueous solution

Tween-80, polyvinyl alcohol
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pH2:7.5% Mncreased insulin sen-
) pH6.8:13% sitivity
Pol alacohfr;)i?cn;fi 450 m 76.59 + 4% 53.94 +3% 200.0 -44.7 - pH7.4:18.5% - - Vthe blood glucose [134]
e ' 8 SGF: no release Cmax: 12.52-fold in-
SIF: approx. 12% creased at 6 h
TPGS 120: mg ~80% free OA, Aantitumor effect in
Pluronic P105: 80 mg OA: 7 93.6 £ 0.05% 3.5% 95.7£3.6 -8.6+04 013+0.03 ~40% OA- mi- - - [135]
. A549 and PC-9 cells.
Micelles mg cellesat24 h
Pol ic mi-
Polymeric micelles-G w/w% Ceﬁe};fr;récg r:; .
(OA: 0.05; Capryol 90: 2;  Polymeric micelles-G: Polymeric mi- 4 06W T
Poloxamer 407: 6) 98.26 £ 0.17% celles-G: 80.4 R . . .
L L L - - - - Polymeric mi- alleviated skin wrinkles [136]
Polymeric micelles-H w/w Polymeric micelles-H: Polymeric mi- celles-G: 2139 +
(OA: 0.05; Capryol 90: 2; 99.18 + 1.06% celles-H: 57.0 5 9'1(y R
Poloxamer 407: 7) at24 h
OA and Tween 80 - - 284.9 -27.6+7.2 0.22 95% 2 h 0.026 _ ’T‘hepatopf):gttedlve ef- [137]
Vproliferation rate
. SEL:SEP at 4:1 w/w o of A549 cell lines Bioa-
Nanosuspensions SE:OA at 2:1 w/w 45.38 +1.81 - 96.60 +2.30 - 0.41+0.03 100% 2 h 1.89 +0.08 - vailability: 7 times in- [138]
creased
lyophilized whole whey, lac- ) ) 60374 1466 021 97% 2 h ) ) Improved antidiarrheal [139]
tose monohydrate, OA effect

Abbreviations: OA: oleanolic acid, DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine, TPGS: vitamin E-D-a-tocopheryl polyethylene glycol succinate, SEL: su-
crose monolaurate, SEP: sucrose monopalmitate.
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5.2. Micelles

Micelles, formed by the noncovalent aggregation of surfactant monomers, exhibit di-
verse shapes, such as spheres, cylinders, or planar structures. The ability of micelles to
adopt various shapes based on surfactant chemistry and solution conditions influences
the design and structure of micelle-based delivery systems [140]. Micelle-based delivery
systems offer remarkable versatility in transporting a range of payloads, such as drugs,
proteins, peptides, DNA, SiRNA, and more. These nanocarriers predominantly exhibit a
spherical structure, which provides exceptional physical stability attributed to their min-
imal surface energy [141]. The micelles typically exhibit sizes ranging from 10 to 100 nm
[142]. There has been significant focus on the potential applications of micelles within
three primary domains of drug delivery: enhancing drug solubility, regulating drug re-
lease, and targeting specific sites for drug delivery (Table 2) [143]. Researchers have de-
veloped a natural plant-derived polymeric micelle system for oral insulin resistance treat-
ment in type II diabetes (I2D). They have utilized plant-derived OA and poly-galac-
turonic acid (PGA) sourced from citrus pectin. These blank micelles were then loaded with
OA (PGA-OA), serving as both a component of the micelles and as the drug. The formu-
lation showed improved insulin sensitivity without side effects in HepG2 cells in vitro
and in a T2D rat model in vivo. The micelles exhibited enhanced absorption, crossed gas-
trointestinal barriers, and maintained a prolonged plasma drug concentration for up to 24
h. In a T2D rat model, the formulation effectively reversed insulin resistance, providing
sustained glucose control even after drug withdrawal. The Cmax increased by 12.52-fold at
6 h by micelles. They also enhanced insulin sensitivity and significantly decreased blood
glucose levels. The molecular mechanism involves promoting the IRS-1/PI3K/Akt signal-
ing pathway and inhibiting PTP1B enzyme activity [134]. Similarly, vitamin E-D-a-to-
copheryl polyethylene glycol succinate (TPGS) and Pluronic P105 enhanced the solubility
of OA, forming mixed micelles. These micelles showed slower OA release, increased up-
take by lung cancer cells, and effective accumulation in tumors in vivo. OA-micelle-
treated mice exhibited smaller tumors and higher pro-apoptotic protein expression,
demonstrating superior efficacy compared to free OA. In vitro studies confirmed lower
inhibitory concentrations, higher apoptotic rates, and suppressed migration and invasion
in OA-micelle-treated cells. To supplement these findings, Figure 6 illustrates the prepa-
ration scheme of OA-micelles via self-assembly and the differences between OA-micelles
and free OA in cellular environments [135]. OA, traditionally a secondary ingredient in
cosmetics, was studied as a primary active compound for reducing wrinkles. Polymeric
micelles were prepared using Capryol 90 and Poloxamer 407, resulting in sizes below 100
nm. The inner core of micelles encapsulated nearly 100% of the OA. The formulation was
applied around the eyes of 23 female subjects for 8 weeks, and the micelles demonstrated
higher skin permeation and stability. Results showed significant improvement in skin pa-
rameters and visual evaluation scores without irritation [136].
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Figure 6. Preparation scheme of OA-micelles via the self-assembly method and different phenom-
ena between OA-micelles and free OA in the cell. EtOH, ethyl alcohol; OA, oleanolic acid; P105,
Pluronic P105; TPGS, d-a-tocopheryl polyethylene glycol succinate. Reproduced with permission
from [135], Dovepress, 2016.

5.3. Nanosuspensions

Nanosuspension (NS), with its submicron particle size and distinct physicochemical
properties, has the potential ability to tackle many formulation and drug delivery issues
typically associated with poorly water- and lipid-soluble drugs [144]. While there are var-
ious alternative technologies available, nanosuspensions are particularly well-suited for
drugs exhibiting high crystal energy, resulting in their insolubility in both lipid and aque-
ous vehicles [145]. The applications of NS technology to OA delivery are shown in Table
2. A study employed the nanoprecipitation method to prepare OA NS, resulting in a six-
fold increase in saturation solubility at 25 °C (25.72 pg/mL vs. 4.37 ug/mL). In vitro drug
release experiments demonstrated that Iyophilized NS exhibited a faster dissolution rate
compared to coarse drug powder, with a nearly 95% release of OA within 2 h [137]. Sim-
ilarly, a study was conducted to develop sucrose ester (SE)-stabilized OA-NS for enhanced
delivery. SEOA NS were prepared via O/W emulsion and organic solvent evaporation
methods. In particular, SEOA 4121 NS (SEL (sucrose monolaurate):SEP (sucrose mono-
palmitate) 4:1 w/w; SE: OA at 2:1 w/w) produced the greatest increase in saturation solu-
bility (1.89 mg/mL vs. 3.43 ug/mL), dissolution rate, cytotoxicity, and bioavailability. Pre-
liminary studies indicated that cellular uptake of SEOA NS by A549 cells was tempera-
ture-, concentration-, and time-dependent [138]. In the same way, a study was designed
to develop a lyophilized OA-NS using whole whey. In vivo tests in rats showed that OA-
NS had better dissolution rates than free OA, possibly due to a shift from crystalline to
amorphous form. The whole-whey-stabilized OA-NS offers a novel approach for improv-
ing dissolution rates and long-term stability, potentially benefiting other poorly water-
soluble drugs [139].

5.4. Nanoparticles

Nanoparticles (NP), with their small size and unique properties, show great promise
as drug carriers, enabling precise targeting and enhanced effectiveness in biomedical ap-
plications [146]. In the literature, different examples confirmed their effectiveness for OA
delivery (Table 3). A study employed amphiphilic carboxylated cellulose-graft-Poly(L-
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lactide) (CC-g-PLLA) copolymers, particularly PLLA with a degree of substitution of 2.03,
self-assembled into nanoparticles for efficient OA delivery. These nanoparticles, with a
small size (196.82 + 9.14 nm) and high drug loading efficiency (24.76 + 0.58%), effectively
solubilized OA (16.9 mg/mL) and demonstrated prolonged drug release (120 h). In vitro
and in vivo studies confirmed their maintained cytotoxicity to cancer cells (411 and MCF-
7) and high antitumor efficiency, establishing the potential of these amphiphilic CC-g-
PLLA copolymer nanoparticles as a good drug delivery system [147]. Another study was
conducted to synthesize cetuximab (CTX)-functionalized albumin nanoparticles (ALB-
NP) containing OA for targeted therapy of epidermal growth factor receptor (EGFR) in
lung cancer. CTX is a monoclonal antibody specifically targeting the EGFR, and albumin
is used as a carrier. Molecular docking determined the suitable nanocarrier, and various
physicochemical parameters were analyzed. CTX-conjugated ALB-NP exhibited higher
cellular uptake and significantly lower IC50 values in A549 cells compared to non-targeted
ALB-NP. The nanoparticles induced apoptosis, blocked the cell cycle, and demonstrated
biocompatibility in hemocompatibility, histopathology, and lung safety studies. In vivo
imaging confirmed targeted delivery to lung cancer, suggesting CTX-OA-ALB-NP as po-
tential carriers of OA for effective and targeted lung carcinoma therapy [148]. A research
study investigated the use of polysaccharides from Actium lappa polysaccharide (ALP) as
natural materials to synthesize nanoparticles for delivering poorly water-soluble OA and
UA. The encapsulation process resulted in a more amorphous state with enhanced anti-
inflammatory activity in a zebrafish model, suggesting that ALP-NP serve as natural car-
riers for hydrophobic bioactive molecules [149]. Similarly, OA-NP were prepared using
polylactic co-glycolic acid (PLGA) and TPGS. The NP fabricated through the emulsion
solvent evaporation method exhibited successful cellular uptake. In vitro studies demon-
strated sustained drug release, with the highest loading at 11.08 + 0.35% and 85.66 + 0.56%
release over 30 days. The nanoformulation effectively suppressed the amastigote burden
in the spleen of BALB/c mice by 98.82 + 1.92% in vivo, making it a promising carrier for
OA against Leishmania donovani, exceeding the efficacy of pure OA for visceral leish-
maniasis treatment [150]. In a study, the researchers developed an OA-loaded lactoferrin
nano-delivery system, enhancing in vitro dissolution and oral absorption. The NP exhib-
ited a significant increase in in vivo bioavailability compared to free drug administration
in rats. The lactoferrin nano-delivery system proves to be a promising strategy for improv-
ing the oral absorption and bioavailability of poorly soluble drugs [151]. Similarly, in an-
other study, OA was encapsulated into NP and liposomes. Optimized NP formulations
resulted in a diameter of 150 nm. The liposomes and pro-liposome consisted in the hydro-
phobic core of OA, surrounded by a soybean lecithin monolayer and a hydrophilic PEG
coating, with diameters ranging from 110 to 140 nm. The NP by precipitation and lipo-
some methods achieved high encapsulation efficiencies of 86.7% and 92.6%, respectively.
Both nanoparticle types exhibited increased stability at 4 °C across various conditions
[152]. Zhang et al. developed a novel vitamin E-modified aliphatic polycarbonate-based
polymeric nanoparticle (mPEG-PCC-VE NP) delivery system to improve oral absorption
of OA. The OA-NP, with a uniform size of around 170 nm and high drug loading (8.9%),
demonstrated enhanced in vitro dissolution in an alkaline medium. In rat studies, these
NP significantly improved permeability throughout the intestinal tract, particularly in the
duodenum and colon. In vivo pharmacokinetics showed a 1.5-fold higher bioavailability
for OA/mPEG-PCC-VE NP compared to commercial OA tablets (Figure 7). This empha-
sizes the potential of mPEG-PCC-VE NP for effective oral OA delivery [153].
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Table 3. OA-loading nanoparticles: characteristics and performance evaluation. A: increase.
Parameters of Formulations
: . Permeability Activity and/or Bioa-
DD - I Rel Ref
S Components EE DL Size (nm) Z-Potential PDI n Vitro Release (Pe) vailability eferences
(mV)
carboxylated cellulose-
graft-Poly(L-lactide) ) N 90.5% at pH 6, 80.0% ) high efficiency against
(CC-g-PLLA) copoly- 2476+058  19682x9.14  -0230.12 atpH 7.2, over 120 h 4T1 cells and MCE-7 4]
mers
OA-ALB-NPs MNA549 cells” susceptibil-
) NP ) i pH 5.5:95% ity
OA-ALB-NPs: OA-ALB-NPs: 171 O:?;]i ZN;JS og 1/2&% 18171)3 OA-ALB-NPs AUC total (ng.h/mL)
ALB 822+3.9% +4.8 N N pH 7.4:75% OA 31,195.8 £ 1127.2
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NPs: 78.08 + 2.3% NPs: 180 +3.7 S'3 2T s B 0 pH 5.5: 85% +1424.36
’ e CTX-OA-ALB-NPs CTX-OA-ALB-NPs
pH 7.4: 70% 73,592.7 + 1148.57
ALPs: 50 mg enhanced anti-inflam-
UA:1mg 48.98 +3.77% 0.96 +0.07 199.1 -7.15 0.35-0.40 - - [149]
OA: 1 mg matory effect
NP PLGA, TPGS ) o
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method, NP-B: lipo- ~ NP-B: 92.6% NP-B: 110-140
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4 x 10° cm/min
Papp jejunum: 6 x
10% cm/min
Papp duodenum: 10
x 103 cm/min
PLGA-NP (149.6 + PLGA-NP — PLGA-NP
OA-PLGA 3.4) (-23.1+4.2) (0.30+0.012)
(745 +35) OA-PLGA OA-PLGA OA-PLGA OA (~90%)
CL-OA-PLGA (1845+15) (-234+22) (0.22+0.032) OA-PLGA (~75%)
(71+25) CH-OA-PLGA CH-OA-PLGA CH-OA-PLGA CH-OA-B-PLGA MNantitumor effect on
PLGA, polyphenols OA-B-PLGA (3268 +2.5) (29.8+1.1)  (0.33+£0.043) (~40%) - breast cancer cells in [154]
N OA-B-PLGA OA-B-PLGA CH-OA-PLGA MDAMB 231 cell line
(81.1+2.1) OA-B-PLGA (221.5 .
CH-OAB.PLGA +19) (-27.2+25) (0.21 +0.021) (~50%)
(78.6+13) CH-OA-B-PLGA ( CH-OA-B- CH-OA-B-  OA-B-PLGA (62%)
3422+37) PLGA (34.2+ PLGA (0.22+
3.1) 0.011)
PLGA ~77% <225 27 mV 0.1 75%ind0h 1 oPP 3'3? 049 cm 'M““'mﬂ?z:natory & 33
OA NPs OA NPs (8.8 OA NPs (0.035 Synergistically panti-
OA and Paclitaxel i (247.7 £0.8) +0.2mV) +0.020) i i tumor activity to 69% [155]
(PTX) PTX-OA NPs PTX-OA NPs PTX-OA NPs from 15%
(259.7+3.4)  (-5.8+0.6 mV) (0.020 + 0.008)
o effective in a rodent car-
OAloaded inliquid 0 o) 5 goor g 1231204% g L 1 1110272+ 84.931t087.89% at 12 Pe (0.98cm/hto rageenan-induced hind
crystalline nanoparticle 73.18 £ 3.21% 21.83 -18.3to-21.2 0.218 to 0.436 h [156]

(LCNP)-based gel

30.96 cm/h) paw inflammatory

model

Abbreviations: OA: oleanolic acid, TPGS: vitamin E-D-a-tocopheryl polyethylene glycol succinate, ALB: albumin, CTX: cetuximab, UA: ursolic acid, PLGA: chi-
tosan-coated Poly (lactide-co-glycolide), ALPs: Actium lappa polysaccharides.
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Figure 7. Mean plasma concentration—time curves of OA in rats after oral administration of com-

mercial tablets and OA/mPEG-PCC-VE NPs (data are mean + SD, n = 5). Reproduced with permis-
sion from [153], Elsevier, 2017.

In another inquiry, polyphenolics were extracted from P. longum, P. nigrum, and Z.
officinale, then combined with OA in a 70:30 methanol:water ratio. The mixture was evap-
orated and lyophilized to yield the powdered polyherbal formulation OA-B (6:1:1:1 OA:P.
longum:P. nigrum:Z. officinale). The OA-B (polyphenolic bio-enhancers) and OA were co-
delivered in chitosan-coated poly (lactide-co-glycolide) (PLGA) NP for enhanced anti-
tumor effects while preserving female fertility. The optimized oleanolic-bio-enhancer
nanoformulation (CH-OA-B-PLGA) exhibited significant efficacy, inducing apoptosis in
cancer cells and indicating enhanced antitumor potency in mice without compromising
safety or fertility. This breakthrough suggests a promising approach for safe chemother-
apy in hormone-independent breast cancer therapy, addressing toxicity concerns [154]. In
a different investigation, polymeric nanoparticles using PLGA loaded with natural and
synthetic mixtures (NM and SM) of OA and UA were designed for ophthalmic use. NM
comprises naturally occurring forms of OA and UA obtained from plant sources, while
SM denotes a mixture of synthetically produced OA and UA, as the major drawback of
those natural compounds is the limited amount present in plants. The optimized formu-
lations exhibited favorable properties, including small size (<225 nm), uniform distribu-
tion, negative surface charge (around —27 mV), and high entrapment efficiency (around
77%). Release and corneal permeation studies indicated faster release for NM, with higher
drug retention in corneal tissue. Both formulations showed no irritation or toxicity in in
vitro and in vivo tests, and demonstrated effective in vivo anti-inflammatory efficacy, with
NM-OA/UA NPs being the most potent (Figure 8) [133].

In another investigation, OA was used to produce NPs capable of efficiently crossing
the blood-brain barrier for the treatment of breast cancer brain metastases. Based on these
observations, the scientists devised a synergistic combination chemotherapy approach by
incorporating paclitaxel (PTX) into OA-NP. The resulting PTX-OA-NP demonstrated sig-
nificant efficacy in inhibiting both primary breast cancer and breast cancer brain metasta-
ses in mouse xenografts [155].



Pharmaceutics 2024, 16, 692

22 of 37

Ocular Inflammation
Score
o e e e e e e “o,

I-I-I-l-l-I-l-l-I-I-I-l-I-I-I-I-I-I-I-l-l-l.l U

90 120 150
Time (min)

—NM-OA/UA NPs SM-OA/UA NPs =53 Control

Figure 8. Anti-inflammatory efficacy of NPs after sodium arachidonate solution (SAS) induced in-
flammation in the rabbit eye. Statistically significant differences, p < 0.05, regarding * NM-OA/UA
NPs, ®° SM-OA/UA NPs, and ¢ Control (SAS). Reproduced with permission from [133], Elsevier, 2015.

A cubic liquid crystalline NP (LCNP)-based gel was developed as a potential topical
delivery system for OA. Optimization using rheological, drug release kinetic, and ex vivo
permeation studies yielded promising results. The optimized LCNP formulation demon-
strated sustained release (85.49 + 0.21%) over 12 h in vitro, and ex vivo permeation studies
indicated its superiority to a standard gel. The Peppas equation suggested non-Fickian
diffusion, implying multiple controlled release processes. The OA-loaded LCNP gel ex-
hibited efficacy in a rodent inflammation model, providing sustained relief after a single
application [156]. Efforts were made to enhance the solubility of OA and UA also using
polyurethane nanostructures (PU) synthesized through interfacial polycondensation and
spontaneous emulsification. Despite moderate chemo-preventive activity against induced
tumors, encapsulating UA and OA in PU did not increase their effectiveness. Conse-
quently, PU was deemed unsuitable as a formulation for UA and OA [2].

Similarly, a study investigated a combined chemotherapeutic response by pairing
doxorubicin with human serum albumin-oleanolic acid NP (Dox@HSA-OA NP). In vitro
studies demonstrated higher cellular association, lower 1C50, increased apoptosis, and
G2/M phase cell cycle arrest with Dox@HSA-OA NP compared to free doxorubicin. Sphe-
roid studies further highlighted the efficacy of Dox@HSA-OA NP in inducing cell death.
In vivo experiments with B16F10 tumor-bearing mice showed superior outcomes, includ-
ing tumor regression, DNA damage, oxidative stress, and apoptosis induction, suggesting
that Dox@HSA-OA NP could be a potent strategy for solid tumor treatment compared to
doxorubicin alone [157]. Likewise, a pH-sensitive calcium carbonate NP was developed
to co-deliver cisplatin (CDDP) and OA, aiming to enhance tumor efficacy while reducing
nephrotoxicity. This approach combines the potent anticancer properties of CDDP with
the nephroprotective effects of OA, offering a promising strategy for a safer and more
effective combination chemotherapy against cancer. Additionally, the system enables tar-
geted delivery to tumor sites, enhancing therapeutic outcomes while minimizing off-tar-
get effects. The microemulsion method produced lipid-coated cisplatin/oleanolic acid cal-
cium carbonate nanoparticles (CDDP/OA-LCC NPs). The NPs exhibited an average diam-
eter of 217 + 20 nm, with a zeta potential of —23.7 + 2 and a PdI of 0.187, indicating uniform
dispersion. Drug loading percentages were determined to be 76 + 5% for CDDP and 50 =+
7% for OA (w/w). In vitro assays validated their synergistic apoptotic effects on HepG2
cells, and this synergy translated to enhanced antitumor efficacy in a tumor-bearing mice
model compared to free drugs. Pharmacokinetic studies showed a prolonged circulation
time, and in vivo imaging indicated tumor-specific concentrations. OA markedly
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alleviated CDDP-induced nephrotoxicity. This pH-sensitive, dual-loaded NP offers a po-
tential avenue for achieving a more effective and safer approach to combination chemo-
therapy [158].

In a follow-up study, the cancer cell membrane (CM)-decorated calcium carbonate
(CC) hybrid NPs (HN) for the co-delivery of cisplatin (CDDP) and OA were developed.
The HN/CDDP/OA system exhibited a core-shell structure, good dispersion, and a size of
around 100 nm. It demonstrated high stability, biocompatibility, and pH-responsive drug
release. Additionally, CM modification improved tumor-targeting capabilities compared
to bare CC nanoparticles. In tests on gastric cancer (MGC-803 cell line), HN/CDDP/OA
outperformed single-drug systems, inducing enhanced apoptosis and reversing multi-
drug resistance (MDR) in cancer cells.

Heparin sodium (HS)-loaded polylactic-co-glycolic acid-D-a-tocopheryl polyeth-
ylene glycol 1000 succinate (PLGA-TPGS) NPs (HPTNs) for sustained delivery were com-
bined with OA-loaded PLGA-TPGS nanoparticles (OPTNs) to produce a synergistic ther-
apy system for liver cancer treatment. Using fluorescent probes, efficient internalization
into cells and enhanced liver targeting were observed. The combination of HPTNs and
OPTNs exhibited effective cell inhibition and a remarkable anticancer effect, inducing
apoptosis in HepG2 cells. In vivo studies showed a 67.61% suppression of tumor growth.
The combination therapy system involving OPTNs and HPTNs presents a promising ap-
proach for hepatoma therapy [159].

5.5. Solid Dispersions

Solid dispersion (SD) involves dispersing one or more active ingredients in a carrier
or matrix in a solid state, serving as an effective approach to enhance the dissolution of
poorly water-soluble drugs and consequently improve their bioavailability [160]. SD tech-
nology is preferred for formulating BCS class-1I/IV APIs, with a wide range of polymeric
carriers available for formulation scientists [161]. Enhancing bioavailability through a SD
system primarily involves enhancing the dissolution rate. This is achieved by improving
the wetting behavior of hydrophobic drugs and facilitating deagglomeration and micelli-
zation with hydrophilic polymers (Table 4) [162]. A study was conducted to improve OA
dissolution using SDs comprising the drug, a polymeric carrier, and a surfactant. Binary
SDs (OA and PVP) were compared with ternary SDs, where polysorbate 80, a nonionic
surfactant, was added to the binary form. Both binary and ternary SDs enhanced OA dis-
solution, with the ternary form exhibiting faster dissolution than the binary form. Poly-
sorbate 80 played a central positive role in the dissolution of the SD [163]. Similarly, a SD
was developed to address limitations due to the poor solubility of OA. Solubility studies
assessed various hydrophilic polymers, drug-to-polymer ratios, and preparation meth-
ods, as shown in Figure 9, revealing Poloxamer 188, Poloxamer 407, and y-CD as the most
effective in increasing OA’s solubility. The preparation methods kneading and solvent
evaporation and the drug-to-polymer weight ratio of 1:2 resulted as the best to improve
the OA solubility up 190 pg/mL. In vitro dissolution studies for P407, P188, and y-CD SDs
showed the solvent evaporation method as the most effective in enhancing dissolution
compared to the OA solution. An in vitro parallel artificial membrane permeability assay
(PAMPA) demonstrated improved passive permeation, as demonstrated in Figure 10, in-
dicating that the amorphization of OA by SD preparation could be a promising method
for enhancing its oral absorption, applicable on an industrial scale [164].
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Table 4. OA-loading solid dispersions and complexes: characteristics and performance evaluation. A: increase.
) . Permeability .. . o 1eqs
DDS Components In Vitro Release Solubility (Pe cm/s) Activity and/or Bioavailability =~ References
OA, PVP SD 70% i i [163]
OA, PVP, Polysorbate 80 SD 90%
OA:Poloxamer 188 1:2 61% 190 + 42 ug/mL OA-P407 6.2 £0.22 x 105
OA:Poloxamer 407 1:2 68% 170 + 28 pug/mL OA-P1886.3+0.53 x 10 - [165
OA:y-CD 122 50% 221+17 ug/mL. OA-y-CD5.43+0.12x105at2h
_ o,
Formula F (OA:PVP:SC) 1:1:2 Foorfmﬁz ;9(2 9/(;3) OA 0.138 +£0.023 Formula F (31,067.44 + 17,840.92)
Formula G (OA-Na:PVP:SC) ) - 0.06% (w/v) SC* 0.381 + 0.053 Formula G (32,657.41 + 11,832.92) [165]]
SD (1:1:2) Formula G (85%) at2h (ug min/mL)
o at2h He
90% AUCo— (ng h/mL)
OA-PVP 45 (yo i i OA-PVP: 2039.5 + 483 .4) [166]
Physical mixture (PM)-PVP t 2(;1 PM-PVP: 696.8 + 151.6
: commercial tablet: 875.08  292.1
AUCo-24n
OA:silica 1:7 86.4% - - OA-silica: 228.51 + 20.35(pug min/mL) [167]
1.9-fold increase
OA-phospholipid complex 8:5 99.47% in 360 min 300-fold - AUCo- 2.16-fold [168]
FH I v gy
OA, phospholipid complex and o - . water 15.3-fold . ’ OPCH: 360.6 +19.13
hydroxyapatite (OPCH) 90% in 30 min n-octanol 3.19-fold OPCHin tl;zf;;zf:ce of keto- OPCH with ketoconazole: 707.7 + [19]
1.2-2.4-fold compared to OPCH. 30.21
Phospholipid 0.1% SDS aqueous solution:
1 0,
complexes OA 20%, OA-PC:
OA-PC 10%, 0.12 (30 °C)
OA, Phosphatidylcholine (PC), OA-PC/silica >40% ’ ’
s . 0.14 (40 °C), - - [1]
fumed silica 0.3% SDS aqueous solution: o
OA >50% 0.17 (60 °C),
§ 0.15 (80 °C)

OA-PC >20%,
OA-PC/silica 80%
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0.5% SDS aqueous solution: OA
>60%,
OA-PC >30%,
OA-PC/silica >80%

Other com-
plexes

Mn vitro anticancer activity

OA and methyl-g-CD - 8.2 in HepG2, HT29, and HCT116 cell [169]
lines
Manti-proliferative A375 (human),
z'fz‘frgxypmpyl'ﬁf_')cgnd - - B16 4A5 (murine), and SK-Mel 2 (hu-  [170]
ydroxypropyl-y man) cell lines
hydroxypropyl-3-CD and OA i OA (900 times) i [171]
and UA UA (200 times)

. 6.8 x 105 t0 2.1 x 106 Nn vitro anticancer activities in

amino-appended (3-CDs - HepG2, HT29, and HCT116 human [172]

fold

cancer cell lines

Abbreviations: OA: oleanolic acid, SD: solid dispersions, CD: cyclodextrin, SC: sodium caprate, UA: ursolic acid, PVP: polyvinylpyrrolidone. Note: SC*: 0.06%

(w/v) of SC increased the permeation of OA through the Caco-2 cell monolayer in 2 h.
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Figure 9. Schematic representation of preparation of the solid dispersions using the physical mix-
ture, kneading, and the solvent evaporation method. Reproduced with permission from [164],
MDPI, 2022.
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Figure 10. Effective permeability (Pe) of OA, SEM OA-P188 1:2, SEM OA-P407 1:2, and SEM OA-y-
CD1:2. SEM: solvent evaporation method, CD: cyclodextrin, P407: Poloxamer 407, P188: Poloxamer
188, OA: oleanolic acid. Reproduced with permission from [164], MDPI, 2022.

In a similar fashion, spray-freeze-drying (SFD) of OA with PVP-40 and sodium
caprate (SC) produced amorphous SD systems. These formulations showed superior dis-
solution and more consistent absorption than commercial OA tablets. SC increased in vivo
absorption rates without affecting the absorption extent. However, both SFD-processed
OA and commercial tablets exhibited significant inter-animal variability in bioavailability,
common for BCS Class IV compounds. Introducing SC and using the sodium salt of OA
(OA-Na) reduced the absorption variability, emphasizing the importance of enhancing
both the dissolution rate and intestinal permeability for BCS Class IV compounds [165].
In another study, hot-melt extrusion was employed to make amorphous SD of OA. The
resulting OA SD with polyvinylpyrrolidone vinyl acetate copolymer (OA-PVP) exhibited
significantly enhanced dissolution rates compared to a physical mixture (PM-PVP) and a
commercial tablet in a medium containing 0.3% SDS. Moreover, OA-PVP exhibited higher
AUC and Cmax values than both PM-PVP and the commercial tablet, indicating improved
bioavailability. The successful outcome was attributed to the amorphous state of OA in
PVP, as well as effective dispersion achieved through thermal melting and shearing [166].
Another study aimed to enhance the dissolution rate and oral bioavailability of OA in
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beagle dogs by adsorbing OA onto fumed silica using supercritical carbon dioxide. The
optimal OA-silica SD demonstrated a significantly improved dissolution rate compared
to commercial tablets and physical mixtures in dissolution tests. Bioavailability results in
beagle dogs indicated that OA-silica solid dispersions had higher AUC and Cmax than com-
mercial tablets (p < 0.05), resulting in a 1.9-fold increase in bioavailability for OA absorp-
tion from SD [167].

5.6. Phospholipid Complexes

Recently, the phospholipid-complex technique has been applied for its solubilizing
capacity or its potentiating ability to pass through the biological membranes and its pro-
tection of the active herbal compounds from degradation. The phospholipid complex
technique can serve as a powerful drug delivery system to increase the therapeutic index
of encapsulated herbal active ingredients. Different sources contribute to the diversity of
phospholipids, such as soybean, egg, or synthetic phosphatidylcholine, including hydro-
genated forms. These variations make phospholipids a versatile option for drug delivery
systems, enhancing oral bioavailability and improving drug solubility and permeability
[173].

Thus, formulation scientists have tried to enhance the solubility and bioavailability
of OA, producing the OA-phospholipid complex (OA-PLC; Table 4). Solubility in water
rose by 300 times and in n-octanol by 1.2 times. Rats treated with OA-PLC showed a Cmax
of 1.18 ug/mL, versus 0.47 ug/mL for OA. AUCo-24n and AUCo— values in the OA-PLC
group were particularly higher, 2.06 and 2.16 times, than those in the OA group, indicating
OA-PLC’s superior solubility and enhanced bioavailability in rats [168]. In another study,
a solidified phospholipid complex (OPCH) was prepared using OA-phospholipid com-
plex (OPC) and hydroxyapatite (HA) through solvent evaporation. OPCH, co-adminis-
tered with ketoconazole (KCZ), enhanced OA’s bioavailability by increasing water and n-
octanol solubility, with a 15.3-fold and 3.19-fold increase, respectively. In vitro dissolution
and intestinal perfusion studies revealed that OPCH’s cumulative dissolution rate was
2.23-fold and 4.57-fold higher than OA and OPC at 2 h. KCZ further improved absorption
by inhibiting OA metabolism by CYP3A. Pharmacokinetic analysis in rats demonstrated
a marked increase in Cmax and AUCo-24n, indicating that OPCH formulation and KCZ co-
administration significantly enhanced OA’s bioavailability by improving solubility and
permeability, and inhibiting metabolism [19]. The dissolution rate of the formulated so-
lidified powder using fumed silica as a carrier exceeded that of both pure OA and the OA-
PC. The OA-PC complex exhibited a lower dissolution rate than crude OA, which might
be due to the viscous nature of the phospholipid complex. Regarding solubility, OA-PC
solubility increased with temperatures from 30 to 60 °C but decreased at 80 °C, possibly
due to phospholipid oxidation [1].

5.7. Other Complexes

A new oral nanocomplex combining deoxycholic acid-grafted low-molecular-weight
chitosan and OA (LW-CS-DA/OA) effectively reversed CCl4-induced acute liver damage
in mice. These nanocomplexes exhibited high drug loading (26.74%) and encapsulation
efficiency (78.50%), with a size of 239.50 + 2.40 nm and a PdI 0.117 +0.0085. LW-CS-DA/OA
reached a maximum plasma concentration of 23.97 pug/mL at 8 h, approximately 5 times
higher than the OA group (1.5 h). These nanocomplexes showed better liver protection by
enhancing the antioxidant capacity and regulating inflammation pathways. This innova-
tive approach offers a promising strategy for chemical-induced liver injuries [174].

Another study aimed to enhance OA and UA properties by forming inclusion com-
plexes with hydrophilic cyclodextrins. After virtual screening, 2-hydroxypropyl-p-cy-
clodextrin (HP-p-CD) and 2-hydroxypropyl-y-cyclodextrin (HP-y-CD) were selected. In
vitro tests on melanoma cell lines showed increased anti-proliferative activity for the com-
plexes compared to pure compounds. The UA-HP-y-CD complex exhibited the highest
activity. This approach of entrapping compounds in hydrophilic cyclodextrins proved
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effective in improving their anti-proliferative activities [170]. Another study explored eth-
anol’s impact on forming complexes of HP-3-CD with OA and UA. Phase solubility stud-
ies, including ethanol, assessed HP-3-CD’s solubilizing effect on OA and UA with a pre-
dictive mathematical model. Solid complexes, achieved by evaporating filtrates, signifi-
cantly increased OA and UA solubility. Ethanol (0.5%, v/v) facilitated OA-HP-{3-CD com-
plex formation but hindered UA-HP-B-CD complex formation. Optimal solubility en-
hancement was achieved by adding ethanol [171].

An investigation into the solid inclusion complexes of OA with a series of amino-
appended {-cyclodextrins (ACDs) was carried out using the suspension method. ACDs
are {3-cyclodextrins modified with amino side chains of varying lengths at the primary
face. These modifications aim to improve the water solubility of 3-cyclodextrins. The in-
clusion complexation with ACDs substantially improved the water solubility of OA. Fur-
thermore, the in vitro anticancer activities of OA against the human cancer cell lines
HepG2, HT29, and HCT116 showed significant enhancement upon the formation of in-
clusion complexes [172]. In a follow-up investigation, a solid inclusion complex of OA
with methyl-f3-cyclodextrin was synthesized. The inclusion complexation significantly en-
hanced the water solubility of OA to 8.2 mg/mL. The inclusion complex demonstrated
significant enhancement of the in vitro cytotoxicity compared to native OA, with IC50
values of 8.89, 7.89, and 5.77 uM on the human cancer cell lines HepG2, HT29, and
HCT116, respectively, as determined by the MTT assay [169].

5.8. Other Formulations

Expanding upon the comprehensive review of OA drug delivery techniques, this sec-
tion explores additional strategies for elucidating further advancements in the field. In an
investigation, OA was incorporated into poly(lactic-co-glycolic) acid fiber membranes.
The resulting fiber membranes, developed with varying OA concentrations, exhibited
high yields and average fiber diameters ranging from 541 to 630 nm with approximately
28% dissolution. These membranes, composed of long and continuous fibers with stable,
rough surfaces in aqueous media, demonstrated structural and thermal stability. High
drug loading efficiency (>80%) and non-toxicity to fibroblast cells were observed, suggest-
ing these membranes as a promising vehicle for drug delivery applications due to their
stability and biocompatibility [175].

Another investigation used a salt of OA and choline as the natural product hydro-
gelator to make low-molecular-weight supramolecular hydrogels (LMWSHs) by heating.
Unlike typical sol-gel transition, the OA-based LMWSH exhibited a unique property,
transitioning from a sol to a gel state upon heating, accompanied by phase separation with
nonreversible transparent—turbid transitions. These LMWSHs demonstrated stability, in-
jectability, and potential as drug delivery vehicles for sustained release [176].

In the milieu of OA for osteoarthritis treatment, a scaffold has been developed to
counteract the detrimental effects of inflammatory cytokines on chondrocytes and en-
hance the repair of cartilage defects using tissue engineering. This involved grafting a ber-
berine-oleanolic acid complex salt (BOA) onto hyaluronic acid (HA) to make water-soluble
BOA-g-HA, which was then mixed with 30 mg/mL of silk fibroin (SF) to form four solu-
tions. These solutions were lyophilized to produce composite scaffolds, denoted as BOA-
g-HA/SF-1, BOA-g-HA/SF-2, BOA-g-HA/SF-3, and BOA-g-HA/SF-4, containing 0.75, 1.5,
2.25, and 3.0 mg/mL of BOA-g-HA, respectively. Particularly, the BOA-g-HA/SE-3 scaffold
demonstrated the highest efficacy in maintaining the chondrocytic phenotype under IL-
1B-induced stress, both in vitro and in vivo, showing significant regeneration of cartilage
tissue [177]. Metal-organic frameworks (MOFs) were explored as drug carriers for OA
delivery. A hollow MOF-5 structure was synthesized, increasing the drug loading capac-
ity (42.43%) and achieving sustained-release effects (81.2%, 30 h). Evaluated on the SK-
OV-3 cell line, it demonstrated improved treatment efficiency for OA. This highlights the
potential of hollow MOFs as efficient drug carriers [178]. Another study aimed to make
oleanolic acid nanofibers (OAnf) and test their effects on keratinocytes exposed to
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particulate matter (PM). OAnf has reduced PM-induced oxidative stress and inflamma-
tion in keratinocytes more effectively than OA alone. The formulation parameters of OAnf
included a particle size of 302.37 + 11.91 nm and a PdI of 0.32 + 0.02. Drug loading was
98.19 + 4.82%, and the encapsulation efficiency was greater than 99%. OAnf significantly
improved water solubility (998.7 + 58.32 pg/mL) and skin penetration (45.27 pg/cm?) at 4
h compared to OA alone [179].

6. Expert Opinion

Innovative formulations, including a variety of lipid-based delivery systems, such as
SLN and NLC, micro- and nano-emulsions, liposomes, micelles, nanosuspensions, nano-
particles, solid dispersions, and phospholipid complexes, are essential in drug delivery
applications. Micro- and nano-carriers are an important field of research in bioactive con-
stituents, which include natural products and herbal extracts. The use of these technolo-
gies has already had a significant impact on many areas of medicine by allowing appro-
priate therapeutic treatments for certain essential drugs.

These carriers offer numerous advantages, particularly, enhancing the solubility and
bioavailability of hydrophobic drugs, improving the stability of drug compounds, and the
potential for controlled release and targeted delivery. Furthermore, they often demon-
strate compatibility with diverse administration routes [180-183].

In comparing the formulations reported in this review, it can generally be stated that
lipid-based drug delivery systems and NP are the nanocarriers more efficient for OA de-
livery. In particular, ME and NE are able to load high doses of a drug, control the rate and
extent of drug absorption, increase solubility and bioavailability, enhance chemical stabil-
ity, and overcome multidrug-resistance phenomena [184].

Polymeric NP can address biocompatibility and biodegradability and their resulting
safety issues, especially after long-term administration. In the literature, different exam-
ples confirmed their effectiveness for OA delivery, increasing solubility, bioavailability,
pharmacological efficacy, and targeting action.

Similarly, nanosuspensions address distinct challenges in drug delivery by maintain-
ing the OA in a crystalline state while facilitating higher drug loading during formulation
development. Additionally, they offer benefits such as improved stability, sustained drug
release, enhanced efficacy through targeted tissue delivery, minimized first-pass metabo-
lism, and enhanced deposition in the deep lung [144]. Liposomes, for instance, offer high
biocompatibility but suffer from limited drug loading capacity and high production costs
[185]. Solid dispersions and phospholipid complexes enhance the OA dissolution profile,
resulting in increased bioavailability and stability due to their solid form. The phospho-
lipid-complex technique has been applied for its solubilizing capacity or its potentiating
ability to pass through the biological membranes.

For all these reasons, encapsulation methods remain indispensable in pharmaceutical
development, offering customized solutions to improve drug delivery efficiency and ther-
apeutic outcomes. Each technique presents specific advantages but also some disad-
vantages, including limited drug loading capacity, difficult scalability, low storage stabil-
ity, and potential toxicity or irritation due to the presence of surfactants and co-solvents
[180,182].

Exploring the numerous pharmacological effects, molecular mechanisms, and di-
verse delivery modalities for OA, it is important to acknowledge potential limitations in
the existing approaches. Despite significant advancements in drug delivery systems for
OA, several challenges persist. These may include issues related to bioavailability, stabil-
ity, and targeting efficiency. Moreover, the variability in experimental conditions and
methodologies across studies can hinder direct comparisons and the generalizability of
findings. Expert opinions suggest that further research is needed to address these limita-
tions and propel the field forward.

Additionally, it is worth noting that, while extensive preclinical studies have been
performed, limited or no clinical studies have yet been conducted on the efficacy and
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safety of OA formulations in human subjects. This critical gap in knowledge emphasizes
the need for comprehensive studies to advance our understanding of OA’s potential ap-
plications and efficacy in both preclinical and clinical settings.

7. Conclusions

The increasing consideration of OA as a potent triterpenoid, well known for its di-
verse health benefits, emphasizes the significance of exploring its application in pharma-
ceutical research. OA’s pharmacological effects highlight its therapeutic potential. How-
ever, realizing this potential is based on overcoming challenges in drug delivery, such as
poor solubility and limited bioavailability. This review emphasized the necessity for in-
novative DDS and discussed various approaches aimed at enhancing OA’s biopharma-
ceutical features. The ongoing advancements in OA formulations aim to improve solubil-
ity, permeability, and overall efficacy across diverse therapeutic landscapes.

Author Contributions: Conceptualization, M.C.B. and M.W.; software, M.C.B. and M.W.; resources,
M.C.B.; data curation, M.C.B. and M.W.; writing—original draft preparation, M.C.B. and M.W.;
writing—review and editing, M.C.B. and M.W.; supervision, M.C.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Yang, X.; Jiang, Q.; Du, P.; Zhao, ].; Zhang, T. Preparation and Characterization of Solidified Oleanolic Acid-Phospholipid Com-
plex Aiming to Improve the Dissolution of Oleanolic Acid. Asian ] Pharm. Sci. 2016, 11, 241-247.
https://doi.org/10.1016/j.ajps.2015.07.002.

Oprean, C.; Zambori, C.; Borcan, F.; Soica, C.; Zupko, I.; Minorics, R.; Bojin, F.; Ambrus, R.; Muntean, D.; Danciu, C.; et al. Anti-
Proliferative and Antibacterial In Vitro Evaluation of the Polyurethane Nanostructures Incorporating Pentacyclic Triterpenes.
Pharm. Biol. 2016, 54, 2714-2722. https://doi.org/10.1080/13880209.2016.1180538.

Castellano, ].M.; Ramos-Romero, S.; Perona, ].S. Oleanolic Acid: Extraction, Characterization and Biological Activity. Nutrients
2022, 14, 623. https://doi.org/10.3390/nu14030623.

Ahn, Y.M.; Choi, Y.H.; Yoon, ].J.; Lee, Y.J.; Cho, KW.; Kang, D.G.; Lee, H.S. Oleanolic Acid Modulates the Renin-Angiotensin
System and Cardiac Natriuretic Hormone Concomitantly with Volume and Pressure Balance in Rats. Eur. . Pharmacol. 2017,
809, 231-241.

Lee, E.S.; Kim, HM,; Kang, ].S.; Lee, E.Y.; Yadav, D.; Kwon, M.-H.; Kim, Y.M.; Kim, H.S.; Chung, C.H. Oleanolic Acid and N-
Acetylcysteine Ameliorate Diabetic Nephropathy through Reduction of Oxidative Stress and Endoplasmic Reticulum Stress in
a Type 2 Diabetic Rat Model. Nephrol. Dial. Transplant. 2016, 31, 391-400.

Djeziri, F.Z.; Belarbi, M.; Murtaza, B.; Hichami, A.; Benammar, C.; Khan, N.A. Oleanolic Acid Improves Diet-Induced Obesity
by Modulating Fat Preference and Inflammation in Mice. Biochimie 2018, 152, 110-120.

Nieto Callejo, M.L.; Gallardo, I.; Gutierrez, B.; Cabero, M.L; Ruiz, L.; Alvarez, Y.; Simon, I.; Calvo, H.; Munoz, J.C.; Margolles,
A. Oleanolic Acid Protection against Experimental Autoimmune Myocarditis Modulates the Microbiota and the Intestinal Bar-
rier Integrity. Eur. Heart ]. 2020, 41, ehaa946-3716.

Peng, M.; Zhao, X.; Biswas, D. Polyphenols and Tri-Terpenoids from Olea europaea L. in Alleviation of Enteric Pathogen Infec-
tions through Limiting Bacterial Virulence and Attenuating Inflammation. J. Funct. Foods 2017, 36, 132-143.

Du, Y.; Ko, KM. Oleanolic Acid Protects against Myocardial Ischemia-Reperfusion Injury by Enhancing Mitochondrial Antiox-
idant Mechanism Mediated by Glutathione and a-Tocopherol in Rats. Planta Med. 2006, 72, 222-227.

Bachhav, S.S.; Bhutada, M.S.; Patil, S.P.; Sharma, K.S.; Patil, S.D. Oleanolic Acid Prevents Increase in Blood Pressure and Ne-
phrotoxicity in Nitric Oxide Dependent Type of Hypertension in Rats. Pharmacogn. Res. 2015, 7, 385.

Rada, M.; Castellano, J.M.; Perona, J.S.; Guinda, A. GC-FID Determination and Pharmacokinetic Studies of Oleanolic Acid in
Human Serum. Biomed. Chromatogr. 2015, 29, 1687-1692.

De la Torre, R.; Carbd, M.; Pujadas, M.; Biel, S.; Mesa, M.-D.; Covas, M.-L; Expdsito, M.; Espejo, J.-A.; Sanchez-Rodriguez, E.;
Diaz-Pellicer, P. Pharmacokinetics of Maslinic and Oleanolic Acids from Olive Oil-Effects on Endothelial Function in Healthy
Adults. A Randomized, Controlled, Dose-Response Study. Food Chem. 2020, 322, 126676.



Pharmaceutics 2024, 16, 692 31 of 37

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Liu, J.; Lu, Y,; Wu, Q.; Xu, S.; Shi, F.; Klaassen, C.D. Oleanolic Acid Reprograms the Liver to Protect against Hepatotoxicants,
but Is Hepatotoxic at High Doses. Liver Inter. 2019, 39, 427-439.

Furtado, N.A.J.C,; Pirson, L.; Edelberg, H.; Miranda, L.M.; Loira-Pastoriza, C.; Preat, V.; Larondelle, Y.; André, C.M. Pentacyclic
Triterpene Bioavailability: An Overview of In Vitro and In Vivo Studies. Molecules 2017, 22, 400.

Allouche, Y.; Warleta, F.; Campos, M.; Sanchez-Quesada, C.; Uceda, M.; Beltran, G.; Gaforio, J.J. Antioxidant, Antiproliferative,
and pro-Apoptotic Capacities of Pentacyclic Triterpenes Found in the Skin of Olives on MCF-7 Human Breast Cancer Cells and
Their Effects on DNA Damage. J. Agric. Food Chem. 2011, 59, 121-130.

Gutierrez, B.; Gallardo, I.; Ruiz, L.; Alvarez, Y.; Cachofeiro, V.; Margolles, A.; Hernandez, M.; Nieto, M.L. Oleanolic Acid Ame-
liorates Intestinal Alterations Associated with EAE. ]. Neuroinflamm. 2020, 17, 363.

Takada, K.; Nakane, T.; Masuda, K.; Ishii, H. Ursolic Acid and Oleanolic Acid, Members of Pentacyclic Triterpenoid Acids, Suppress
TNF-a-Induced E-Selectin Expression by Cultured Umbilical Vein Endothelial Cells. Phytomedicine 2010, 17, 1114-1119.
Dharmappa, K.K.; Kumar, R.V.; Nataraju, A.; Mohamed, R.; Shivaprasad, H.V.; Vishwanath, B.S. Anti-Inflammatory Activity of
Oleanolic Acid by Inhibition of Secretory Phospholipase A2. Planta Med. 2009, 75, 211-215.

Jiang, Q.; Yang, X.; Du, P.; Zhang, H.; Zhang, T. Dual Strategies to Improve Oral Bioavailability of Oleanolic Acid: Enhancing
Water-Solubility, Permeability and Inhibiting Cytochrome P450 Isozymes. Eur. ]. Pharm. Biopharm. 2016, 99, 65-72.
https://doi.org/10.1016/j.ejpb.2015.11.013.

Jeong, D.W.; Kim, Y.H.; Kim, H.H.; Ji, H.Y.; Yoo, S.D.; Choi, W.R.; Lee, S.M.; Han, C.K.; Lee, H.S. Dose-Linear Pharmacokinetics
of Oleanolic Acid after Intravenous and Oral Administration in Rats. Biopharm. Drug Dispos. 2007, 28, 51-57.
https://doi.org/10.1002/bdd.530.

Ganjali, M.; Ganjali, M.; Aljabali, A.A.A.; Barhoum, A. Drug Delivery Systems Based on Nano-Herbal Medicine. In Bionanotech-
nology: Emerging Applications of Bionanomaterials; Elsevier: Amsterdam, The Netherlands, 2022; pp. 491-530.

Yang, Y.H.; Dai, S.Y.; Deng, F.H.; Peng, L.H.; Li, C.; Pei, Y.H. Recent Advances in Medicinal Chemistry of Oleanolic Acid Deriv-
atives. Phytochem. 2022, 203, 113397. https://doi.org/10.1016/]. PHYTOCHEM.2022.113397.

Wang, W.; Cui, C,; Li, M.; Zhang, Z.; Lv, H. Study of a Novel Disintegrable Oleanolic Acid-Polyvinylpolypyrrolidone Solid
Dispersion. Drug Dev. Ind. Pharm. 2017, 43, 1178-1185. https://doi.org/10.1080/03639045.2017.1301950.

Alvarado, H.L.; Abrego, G.; Souto, E.B.; Gardufio-Ramirez, M.L.; Clares, B.; Garcia, M.L.; Calpena, A.C. Nanoemulsions for
Dermal Controlled Release of Oleanolic and Ursolic Acids: In Vitro, Ex Vivo and In Vivo Characterization. Colloids Surf. B Bio-
interfaces 2015, 130, 40-47. https://doi.org/10.1016/j.colsurfb.2015.03.062.

Jager, S.; Trojan, H.; Kopp, T.; Laszczyk, M.N.; Scheffler, A. Pentacyclic Triterpene Distribution in Various Plants—Rich Sources
for a New Group of Multi-Potent Plant Extracts. Molecules 2009, 14, 2016-2031.

Sporn, M.B.; Liby, K.T.; Yore, M.M.; Fu, L.; Lopchuk, ].M.; Gribble, G.W. New Synthetic Triterpenoids: Potent Agents for Pre-
vention and Treatment of Tissue Injury Caused by Inflammatory and Oxidative Stress. ]. Nat. Prod. 2011, 74, 537-545.
Ludefia-Huaman, M.A.; Ramos-Inquiltupa, D.A. Determination of the Content of Ursolic and Oleanolic Acid in the Cuticular
Wax of Fruits of Different Species of Rosaceae. Rev. Colomb. Quim. 2019, 48, 15-20.

Jesus, J.A.; Lago, ].H.G.; Laurenti, M.D.; Yamamoto, E.S.; Passero, L.E.D. Antimicrobial Activity of Oleanolic and Ursolic Acids:
An Update. Evid. Based Complement. Alternat. Med. 2015, 2015, 620472.

Gudoityte, E.; Arandarcikaite, O.; Mazeikiene, I.; Bendokas, V.; Liobikas, J. Ursolic and Oleanolic Acids: Plant Metabolites with
Neuroprotective Potential. Int. . Mol. Sci. 2021, 22, 4599. https://doi.org/10.3390/ijms22094599.

Tostes, ].B.d.F.; Nakamura, M.].; de Saboya, C.G.F.; Mazzei, ].L.; Siani, A.C. Efficient and Selective Method to Separate Triter-
pene Acids by Direct Treatment of Apple Peels with Alkaline Ethanol. Sep. Sci. Technol. 2016, 51, 1986-1993.
https://doi.org/10.1080/01496395.2016.1200088.

Jin, L].; Ko, Y.I; Kim, Y.M.; Han, S.K. Solubilization of Oleanolic Acid and Ursolic Acid by Cosolvency. Arch. Pharm. Res. 1997,
20, 269-274. https://doi.org/10.1007/BF02976156..

Schneider, P.; Hosseiny, S.S.; Szczotka, M.; Jordan, V.; Schlitter, K. Rapid Solubility Determination of the Triterpenes Oleanolic
Acid and Ursolic Acid by UV-Spectroscopy in Different Solvents. Phytochem. Lett. 2009, 2, 85-87. https://doi.org/10.1016/j.phy-
t01.2008.12.004.

Schneider, P.; Bischoff, F.; Miiller, U.; Bart, H.J.; Schlitter, K.; Jordan, V. Plant Extraction with Aqueous Two-Phase Systems.
Chem. Eng. Technol. 2011, 34, 452-458. https://doi.org/10.1002/ceat.201000420.

Xia, E.Q.; Yu, Y.Y; Xu, X.R,; Deng, G.F.; Guo, Y.]J.; Li, H. Bin. Ultrasound-Assisted Extraction of Oleanolic Acid and Ursolic Acid
from Ligustrum lucidum Ait. Ultrason. Sonochem. 2012, 19, 772-776. https://doi.org/10.1016/j.ultsonch.2011.11.014.

Lee, W.; Yang, E.-].; Ku, 5.-K.; Song, K.-S.; Bae, ].-S. Anti-Inflammatory Effects of Oleanolic Acid on LPS-Induced Inflammation
In Vitro and In Vivo. Inflammation 2013, 36, 94-102.

Kashyap, D.; Sharma, A.; Tuli, H.S.; Punia, S.; K Sharma, A. Ursolic Acid and Oleanolic Acid: Pentacyclic Terpenoids with
Promising Anti-Inflammatory Activities. Recent. Pat. Inflamm. Allergy Drug Discov. 2016, 10, 21-33.

Zhai, Z.; Liu, Y.; Niu, K.; Zeng, W.; Wang, R.; Guo, X,; Lin, C.; Hu, L. Oleanolic Acid Alleviate Intestinal Inflammation by Inhib-
iting Takeda G-Coupled Protein Receptor (TGR) 5 Mediated Cell Apoptosis. Food Funct. 2024, 15, 1963-1976.
https://doi.org/10.1039/D3FO04882A.

Yang, E.-J.; Lee, W.; Ku, S.-K.; Song, K.-S.; Bae, J.-S. Anti-Inflammatory Activities of Oleanolic Acid on HMGB1 Activated HU-
VECs. Food Chem. Toxicol. 2012, 50, 1288-1294.



Pharmaceutics 2024, 16, 692 32 of 37

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Martinez-Gonzalez, J.; Rodriguez-Rodriguez, R.; Gonzalez-Diez, M.; Rodriguez, C.; Herrera, M.D.; Ruiz-Gutierrez, V.; Badimon,
L. Oleanolic Acid Induces Prostacyclin Release in Human Vascular Smooth Muscle Cells through a Cyclooxygenase-2-Depend-
ent Mechanism. J. Nutr. 2008, 138, 443—448.

Kang, Y.-M.; Lee, M.; An, H.-J. Oleanolic Acid Protects against Mast Cell-Mediated Allergic Responses by Suppressing Akt/NF-
KB and STAT1 Activation. Phytomedicine 2021, 80, 153340.

Wang, X.; Ye, X.L.; Liu, R.; Chen, H.L.; Bai, H; Liang, X.; Zhang, X.D.; Wang, Z.; Li, W. 1i; Hai, C.X. Antioxidant Activities of
Oleanolic Acid In Vitro: Possible Role of Nrf2 and MAP Kinases. Chem. Biol. Interact. 2010, 184, 328-337.
https://doi.org/10.1016/j.cbi.2010.01.034.

Yin, M.C.; Chan, K.C. Nonenzymatic Antioxidative and Antiglycative Effects of Oleanolic Acid and Ursolic Acid. . Agric. Food
Chem. 2007, 55, 7177-7181. https://doi.org/10.1021/jf071242m.

Somova, L.O.; Nadar, A.; Rammanan, P.; Shode, F.O. Cardiovascular, Antihyperlipidemic and Antioxidant Effects of Oleanolic
and Ursolic Acids in Experimental Hypertension. Phytomedicine 2003, 10, 115-121.

De Stefani, C.; Vasarri, M.; Salvatici, M.C.; Grifoni, L.; Quintela, J.C.; Bilia, A.R; Degl'Innocenti, D.; Bergonzi, M.C.
Microemulsions Enhance the In Vitro Antioxidant Activity of Oleanolic Acid in RAW 264.7 Cells. Pharmaceutics 2022, 14, 2232.
https://doi.org/10.3390/pharmaceutics14102232.

Wei, J; Liu, H; Liu, M.; Wu, N.; Zhao, J.; Xiao, L.; Han, L.; Chu, E.; Lin, X. Oleanolic Acid Potentiates the Antitumor Activity of
5-Fluorouracil in Pancreatic Cancer Cells. Oncol. Rep. 2012, 28, 1339-1345.

Shanmugam, M.K,; Dai, X.; Kumar, A.P.; Tan, B.K.H.; Sethi, G.; Bishayee, A. Oleanolic Acid and Its Synthetic Derivatives for
the Prevention and Therapy of Cancer: Preclinical and Clinical Evidence. Cancer Left. 2014, 346, 206-216.
https://doi.org/10.1016/j.canlet.2014.01.016.

Resende, F.A.; de Andrade Barcala, C.A.M.; da Silva Faria, M.C.; Kato, F.H.; Cunha, W.R; Tavares, D.C. Antimutagenicity of
Ursolic Acid and Oleanolic Acid against Doxorubicin-Induced Clastogenesis in Balb/c Mice. Life Sci. 2006, 79, 1268-1273.
Pollier, J.; Goossens, A. Oleanolic Acid. Phytochemistry 2012, 77, 10-15.

Ziberna, L.,; éamec, D.; Mocan, A.; Nabavi, S.F.; Bishayee, A.; Farooqi, A.A.; Sureda, A.; Nabavi, S.M. Oleanolic Acid Alters
Multiple Cell Signaling Pathways: Implication in Cancer Prevention and Therapy. Int. ]. Mol. Sci. 2017, 18, 643.

Lin, C.; Wen, X_; Sun, H. Oleanolic Acid Derivatives for Pharmaceutical Use: A Patent Review. Expert Opin. Ther. Pat. 2016, 26,
643-655.

Zheng, Q.; Bo, S.; Zeng, X.; Wei, Y.; Lei, S.; Xiao, X.; Xiao, J.; Wang, Z.; Zheng, X. Advances in Research on Hepatoprotective
Activity and Synthesis of Oleanolic Acid Derivatives. |. App. Biopharm. Pharmacokin. 2015, 3, 101551939.

Liu, J.; Wu, Q.; Lu, Y.-F.; Pi, J. New Insights into Generalized Hepatoprotective Effects of Oleanolic Acid: Key Roles of Metal-
lothionein and Nrf2 Induction. Biochem. Pharmacol. 2008, 76, 922-928.

Jeong, H.G. Inhibition of Cytochrome P450 2E1 Expression by Oleanolic Acid: Hepatoprotective Effects against Carbon Tetra-
chloride-Induced Hepatic Injury. Toxicol. Lett. 1999, 105, 215-222.

Gutiérrez-Rebolledo, G.A.; Siordia-Reyes, A.G.; Meckes-Fischer, M.; Jiménez-Arellanes, A. Hepatoprotective Properties of
Oleanolic and Ursolic Acids in Antitubercular Drug-Induced Liver Damage. Asian Pac. . Trop. Med. 2016, 9, 644-651.

Wang, Y.; Liu, K. Therapeutic Potential of Oleanolic Acid in Liver Diseases. Naunyn. Schmiedeberg’s Arch. Pharmacol. 2024.
https://doi.org/10.1007/s00210-024-02959-2.

Hao, B.-B.; Pan, X.-X,; Fan, Y.; Lu, L.; Qian, X.-F.; Wang, X.-H.; Zhang, F.; Rao, ].-H. Oleanolic Acid Attenuates Liver Ischemia
Reperfusion Injury by HO-1/Sesn2 Signaling Pathway. Hepatobiliary Pancreat. Dis. Int. 2016, 15, 519-524.

Castellano, ].M.; Garcia-Rodriguez, S.; Espinosa, ].M.; Millan-Linares, M.C.; Rada, M.; Perona, J.S. Oleanolic Acid Exerts a Neu-
roprotective Effect against Microglial Cell Activation by Modulating Cytokine Release and Antioxidant Defense Systems. Bio-
molecules 2019, 9, 683.

Caltana, L.; Rutolo, D.; Nieto, M.L.; Brusco, A. Further Evidence for the Neuroprotective Role of Oleanolic Acid in a Model of
Focal Brain Hypoxia in Rats. Neurochem. Int. 2014, 79, 79-87.

Shi, Y.; Sun, L.; Ji, X.; Shi, R.; Xu, F.; Gu, J. Neuroprotective Effects of Oleanolic Acid against Cerebral Ischemia-Reperfusion
Injury in Mice. Exp. Neurol. 2021, 343, 113785.

Han, Y.; Tong, Z.; Wang, C.; Li, X; Liang, G. Oleanolic Acid Exerts Neuroprotective Effects in Subarachnoid Hemorrhage Rats
through SIRT1-Mediated HMGB1 Deacetylation. Eur. J. Pharmacol. 2021, 893, 173811.

Lin, K;; Zhang, Z.; Zhang, Z.; Zhu, P.; Jiang, X.; Wang, Y.; Deng, Q.; Lam Yung, K.K.; Zhang, S. Oleanolic Acid Alleviates Cere-
bral Ischemia/Reperfusion Injury via Regulation of the GSK-33/HO-1 Signaling Pathway. Pharmaceuticals 2021, 15, 1.

Stepnik, K.; Kukula-Koch, W.; Plazinski, W.; Rybicka, M.; Gawel, K. Neuroprotective Properties of Oleanolic Acid —Computa-
tional-Driven Molecular Research Combined with In Vitro and In Vivo Experiments. Pharmaceuticals 2023, 16, 1234.

Wang, X.; Li, Y.; Wu, H,; Liu, J.; Hu, J; Liao, N.; Peng, J.; Cao, P.; Liang, X.; Hai, C. Antidiabetic Effect of Oleanolic Acid: A
Promising Use of a Traditional Pharmacological Agent. Phytother. Res. 2011, 25, 1031-1040.

Wang, X.; Liu, R.; Zhang, W.; Zhang, X; Liao, N.; Wang, Z.; Li, W.; Qin, X.; Hai, C. Oleanolic Acid Improves Hepatic Insulin
Resistance via Antioxidant, Hypolipidemic and Anti-Inflammatory Effects. Mol. Cell. Endocrinol. 2013, 376, 70-80.

Sato, H.; Genet, C.; Strehle, A.; Thomas, C.; Lobstein, A.; Wagner, A.; Mioskowski, C.; Auwer, J.; Saladin, R. Anti-Hyperglyce-
mic Activity of a TGR5 Agonist Isolated from Olea europaea. Biochem. Biophys. Res. Commun. 2007, 362, 793-798.

Maczewsky, J.; Kaiser, J.; Gresch, A.; Gerst, F.; Diifer, M.; Krippeit-Drews, P.; Drews, G. TGR5 Activation Promotes Stimulus-
Secretion Coupling of Pancreatic 3-Cells via a PKA-Dependent Pathway. Diabetes 2019, 68, 324-336.



Pharmaceutics 2024, 16, 692 33 of 37

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Liu, J.; Sun, H.; Wang, X.; Mu, D.; Liao, H.; Zhang, L. Effects of Oleanolic Acid and Maslinic Acid on Hyperlipidemia. Drug Dev.
Res. 2007, 68, 261-266.

Martin, R.; Carvalho-Tavares, J.; Hernandez, M.; Arnes, M.; Ruiz-Gutierrez, V.; Nieto, M.L. Beneficial Actions of Oleanolic Acid
in an Experimental Model of Multiple Sclerosis: A Potential Therapeutic Role. Biochem. Pharmacol. 2010, 79, 198-208.

Wang, Z.; Hsu, C.; Huang, C.; Yin, M. Anti-Glycative Effects of Oleanolic Acid and Ursolic Acid in Kidney of Diabetic Mice.
Eur. |. Pharmacol. 2010, 628, 255-260.

Li, W.; Zeng, H.; Xu, M.; Huang, C; Tao, L.; Li, J.; Zhang, T.; Chen, H.; Xia, J.; Li, C. Oleanolic Acid Improves Obesity-Related
Inflammation and Insulin Resistance by Regulating Macrophages Activation. Front. Pharmacol. 2021, 12, 697483.

Goyal, S.N.; Mahajan, U.B.; Chandrayan, G.; Kumawat, V.S.; Kamble, S.; Patil, P.; Agrawal, Y.O.; Patil, C.R.; Ojha, S. Protective
Effect of Oleanolic Acid on Oxidative Injury and Cellular Abnormalities in Doxorubicin Induced Cardiac Toxicity in Rats. Am.
J. Transl. Res 2016, 8, 60.

Zhang, B.; Zhang, W.; Luo, J.; He, J.; Zheng, X.; Zhu, S.; Rong, B.; Ai, Y.; Zhang, L.; He, T. Effects of Oleanolic Acid on Hair
Growth in Mouse Dorsal Skin Mediated via Regulation of Inflammatory Cytokines. ]. Appl. Biomed. 2023, 21, 48-57.

Ma, T.; Ruan, H; Lv, L.; Wei, C; Yu, Y,; Jia, L.; Song, X.; Zhang, J.; Li, Y. Oleanolic Acid, a Small-Molecule Natural Product,
Inhibits ECM Degeneration in Osteoarthritis by Regulating the Hippo/YAP and Wnt/B-Catenin Pathways. Food Funct. 2023, 14,
9999-10013.

Liu, S.; Chen, X,; He, J.; Luo, Y.; Zheng, P.; Yu, B.; Chen, D.; Huang, Z. Oleanolic Acid Promotes Skeletal Muscle Fiber Type
Transformation by Activating TGR5-Mediated CaN Signaling Pathway. J. Nutr. Biochem. 2024, 123, 109507.

Sun, Y.; Wei, X,; Zhao, T.; Shi, H.; Hao, X,; Wang, Y.; Zhang, H.; Yao, Z.; Zheng, M.; Ma, T. Oleanolic Acid Alleviates Obesity-
induced Skeletal Muscle Atrophy via the PI3K/Akt Signaling Pathway. FEBS Open Bio 2024, 14, 584-597.

Yang, J.; Li, X;; Yang, H.; Long, C. Oleanolic Acid Improves the Symptom of Renal Ischemia Reperfusion Injury via the PI3K/AKT
Pathway. Urol. Int. 2021, 105, 215-220.

Wagner, H.; Ulrich-Merzenich, G. Synergy Research: Approaching a New Generation of Phytopharmaceuticals. Phytomedicine
2009, 16, 97-110.

Hemaiswarya, S.; Kruthiventi, A.K.; Doble, M. Synergism between Natural Products and Antibiotics against Infectious Diseases.
Phytomedicine 2008, 15, 639-652.

Cheesman, M.]; Illanko, A.; Blonk, B.; Cock, L.E. Developing New Antimicrobial Therapies: Are Synergistic Combinations of
Plant Extracts/Compounds with Conventional Antibiotics the Solution? Pharmacogn. Rev. 2017, 11, 57.

Ava, CB.; Sogutlu, F.; Ozates, N.P.; Shademan, B.; Gunduz, C. Enhanced Anti-Cancer Potency Using a Combination of
Oleanolic Acid and Maslinic Acid to Control Treatment Resistance in Breast Cancer. Adv. Pharm. Bull. 2023, 13, 611.

Saini, V.; Debnath, S.K.; Maske, P.; Dighe, V.; Srivastava, R. Targeted Delivery of Ursolic Acid and Oleanolic Acid to Lungs in
the Form of an Inhaler for the Management of Tuberculosis: Pharmacokinetic and Toxicity Assessment. PLoS ONE 2022, 17,
e0278103.

Piet, M.; Paduch, R. Ursolic and Oleanolic Acids in Combination Therapy Inhibit Migration of Colon Cancer Cells through
Down-Regulation of the UPA/UPAR-Dependent MMPs Pathway. Chem. Biol. Interact. 2022, 368, 110202.

Jiménez-Arellanes, M.A. Hepatoprotective Effect of the Ursolic Acid-Oleanolic Acid Mixture Administered Intragastrically in
Mice with Liver Damage Induced by Anti-TB Drugs. Qeios 2023. https://doi.org/10.32388/FSKEILX.

Wang, X.; Chen, Y.; Abdelkader, D.; Hassan, W.; Sun, H.; Liu, J. Combination Therapy with Oleanolic Acid and Metformin as a
Synergistic Treatment for Diabetes. |. Diabetes Res. 2015, 2015, 973287.

Kurek, A.; Nadkowska, P.; Pliszka, S.; Wolska, K.I. Modulation of Antibiotic Resistance in Bacterial Pathogens by Oleanolic
Acid and Ursolic Acid. Phytomedicine 2012, 19, 515-519.

Zheng, Y.; Li, Z; Yang, Y.; Shi, H.; Chen, H.; Gao, Y. A Nanosensitizer Self-Assembled from Oleanolic Acid and Chlorin E6 for
Synergistic Chemo/Sono-Photodynamic Cancer Therapy. Phytomedicine 2021, 93, 153788.

Garcia-Gonzalez, A.; Espinosa-Cabello, ].M.; Cerrillo, I.; Montero-Romero, E.; Rivas-Melo, J.J.; Romero-Béez, A.; Jiménez-An-
dreu, M.D.; Ruiz-Trillo, C.A.; Rodriguez-Rodriguez, A.; Martinez-Ortega, A.J. Bioavailability and Systemic Transport of
Oleanolic Acid in Humans, Formulated as a Functional Olive Oil. Food Funct. 2023, 14, 9681-9694.

Minich, D.M,; Bland, J.S.; Katke, J.; Darland, G.; Hall, A.; Lerman, R.H.; Lamb, J.; Carroll, B.; Tripp, M. Clinical Safety and
Efficacy of NG440: A Novel Combination of Rho Iso-Alpha Acids from Hops, Rosemary, and Oleanolic Acid for Inflammatory
Conditions. Can. J. Physiol. Pharmacol. 2007, 85, 872-883.

ICH Guideline. M9 Biopharmaceutics Classification System-Based Biowaivers; The International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use; European Medicines Agency: Amsterdam, The Netherlands, 2019.
Available online: https://www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers-scientific-
guideline (accessed on 18 May 2024).

Moreton, C. Poor Solubility —Where Do We Stand 25 Years after the ‘Rule of Five’? American Pharmaceutical Review, 18 February
2021.

Alizadeh, S.R.; Savadkouhi, N.; Ebrahimzadeh, M.A. Drug Design Strategies That Aim to Improve the Low Solubility and Poor
Bioavailability Conundrum in Quercetin Derivatives. Expert Opin. Drug Discov. 2023, 18, 1117-1132.

Bhalani, D.V.; Nutan, B.; Kumar, A.; Singh Chandel, A.K. Bioavailability Enhancement Techniques for Poorly Aqueous Soluble
Drugs and Therapeutics. Biomedicines 2022, 10, 2055.

Kesarwani, K.; Gupta, R. Bioavailability Enhancers of Herbal Origin: An Overview. Asian Pac. |. Trop. Biomed. 2013, 3, 253-266.



Pharmaceutics 2024, 16, 692 34 of 37

94.

95.

96.
97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.
117.

118.

119.

120.

121.
122.

Bilia, A.R.; Piazzini, V.; Risaliti, L.; Vanti, G.; Casamonti, M.; Wang, M.; Bergonzi, M.C. Nanocarriers: A Successful Tool to In-
crease Solubility, Stability and Optimise Bioefficacy of Natural Constituents. Curr. Med. Chem. 2018, 26, 4631-4656.

Panyam, J.; Labhasetwar, V. Biodegradable Nanoparticles for Drug and Gene Delivery to Cells and Tissue. Adv. Drug Deliv. Rev.
2003, 55, 329-347.

Brigger, I.; Dubernet, C.; Couvreur, P. Nanoparticles in Cancer Therapy and Diagnosis. Adv. Drug Deliv. Rev. 2012, 64, 24-36.
Miiller, R.H.; Radtke, M.; Wissing, S.A. Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC) in Cosmetic
and Dermatological Preparations. Adv. Drug Deliv. Rev. 2002, 54, S131-5155.

Shrestha, H.; Bala, R.; Arora, S. Lipid-Based Drug Delivery Systems. J. Pharm. 2014, 2014, 801820.

Puglia, C.; Pignatello, R.; Fuochi, V.; Furneri, P.M.; Lauro, M.R.; Santonocito, D.; Cortesi, R.; Esposito, E. Lipid Nanoparticles
and Active Natural Compounds: A Perfect Combination for Pharmaceutical Applications. Curr. Med. Chem. 2019, 26, 4681-4696.
https://doi.org/10.2174/0929867326666190614123835.

Borges, A.; de Freitas, V.; Mateus, N.; Fernandes, I.; Oliveira, J. Solid Lipid Nanoparticles as Carriers of Natural Phenolic Com-
pounds. Antioxidants 2020, 9, 998. https://doi.org/10.3390/antiox9100998.

Piazzini, V.; Cinci, L.; D’Ambrosio, M.; Luceri, C.; Bilia, A.R.; Bergonzi, M.C. Solid Lipid Nanoparticles and Chitosan-Coated
Solid Lipid Nanoparticles as Promising Tool for Silybin Delivery: Formulation, Characterization, and In Vitro Evaluation. Curr.
Drug Deliv. 2019, 16, 142-152.

Piazzini, V.; Monteforte, E.; Luceri, C.; Bigagli, E.; Bilia, A.R.; Bergonzi, M.C. Nanoemulsion for Improving Solubility and Per-
meability of Vitex Agnus-Castus Extract: Formulation and in Vitro Evaluation Using PAMPA and Caco-2 Approaches. Drug
Deliv. 2017, 24, 380-390. https://doi.org/10.1080/10717544.2016.1256002.

Graverini, G.; Piazzini, V.; Landucci, E.; Pantano, D.; Nardiello, P.; Casamenti, F.; Pellegrini-Giampietro, D.E.; Bilia, A.R.; Ber-
gonzi, M.C. Solid Lipid Nanoparticles for Delivery of Andrographolide across the Blood-Brain Barrier: In Vitro and In Vivo
Evaluation. Colloids Surf. B Biointerfaces 2018, 161, 302-313. https://doi.org/10.1016/j.colsurfb.2017.10.062.

Li, W.;Yi, S.; Wang, Z.; Chen, S.; Xin, S; Xie, ].; Zhao, C. Self-Nanoemulsifying Drug Delivery System of Persimmon Leaf Extract:
Optimization and Bioavailability Studies. Int. J. Pharm. 2011, 420, 161-171. https://doi.org/10.1016/j.ijpharm.2011.08.024.
Miiller, R.H.; Riih], D.; Runge, S.A. Biodegradation of Solid Lipid Nanoparticles as a Function of Lipase Incubation Time. Int. |.
Pharm. 1996, 144, 115-121.

Mei, Z.; Chen, H.; Weng, T.; Yang, Y.; Yang, X. Solid Lipid Nanoparticle and Microemulsion for Topical Delivery of Triptolide.
Eur. ]. Pharm. Biopharm. 2003, 56, 189-196.

Souto, E.B.; Doktorovova, S. Solid Lipid Nanoparticle Formulations: Pharmacokinetic and Biopharmaceutical Aspects in Drug
Delivery. Methods Enzymol. 2009, 464, 105-129.

Wang, ].W.; Tang, H.F.; Shen, M.; Wang, L.; Fang, K.Q. Preparation and Quality Evaluation of Oleanolic Acid-Loaded Solid
Lipid Nanoparticles. ]. Fourth Milit. Med. Univ. 2007, 28, 472.

Wang, J.; Zhang, S.; Wen, A. Optimizing for Preparation Technique of Oleanolic Acid Solid Lipid Nanoparticles by Orthogonal
Test. Chinese Trad. Herbal Drugs 2007, 38, 683.

Sun, H.; Zhang, X.; Wang, S.; Tu, Y.; Zhao, R.; Xie, Y. Preparation and Characterization of Oleanolic Acid-Loaded Solid Lipid
Nanoparticles for Oral Administration. J. Chin. Pharm. Sci. 2011, 20, 259-265.

Igbal, M.A.; Md, S.; Sahni, ].K,; Baboota, S.; Dang, S.; Ali, J. Nanostructured Lipid Carriers System: Recent Advances in Drug
Delivery. J. Drug Target 2012, 20, 813-830.

Zhang, K,; Lv, S.; Li, X; Feng, Y.; Li, X;; Liu, L,; Li, S.; Li, Y. Preparation, Characterization, and In Vivo Pharmacokinetics of
Nanostructured Lipid Carriers Loaded with Oleanolic Acid and Gentiopicrin. Int. ]. Nanomed. 2013, 8, 3227-3239.

Karmakar, G.; Nahak, P.; Roy, B.; Guha, P.; Tsuchiya, K.; Torigoe, K.; Nath, R.K; Panda, A.K. Use of Ion Pair Amphiphile as an
Alternative of Natural Phospholipids in Enhancing the Stability and Anticancer Activity of Oleanolic Acid Loaded Nanostruc-
tured Lipid Carriers. Colloids Surf. A Physicochem. Eng. Asp. 2018, 545, 147-156.

Nikolaev, B.; Yakovleva, L.; Fedorov, V.; Li, H.; Gao, H.; Shevtsov, M. Nano-and Microemulsions in Biomedicine: From Theory
to Practice. Pharmaceutics 2023, 15, 1989.

Paul, B.K.; Moulik, S.P. Microemulsions: An Overview. . Dispers. Sci. Technol. 1997, 18, 301-367.

Madhav, S.; Gupta, D. A Review on Microemulsion Based System. Int. J. Pharm. Sci. Res. 2011, 2, 1888.

Cecchi, L.; Piazzini, V.; D’Ambrosio, M.; Luceri, C.; Rocco, F.; Innocenti, M.; Vanti, G.; Mulinacci, N.; Bergonzi, M.C. Formulation
of a Phenol-Rich Extract from Unripe Olives (Olea europaea L.) in Microemulsion to Improve Its Solubility and Intestinal Perme-
ability. Molecules 2020, 25, 3198. https://doi.org/10.3390/molecules25143198.

Vasarri, M.; Degl’Innocenti, D.; Albonetti, L.; Bilia, A.R.; Bergonzi, M.C. Pentacyclic Triterpenes from Olive Leaves Formulated
in Microemulsion: Characterization and Role in De Novo Lipogenesis in HepG2 Cells. Int. ]. Mol. Sci. 2023, 24, 12113.
https://doi.org/10.3390/ijms241512113.

Yang, R.; Huang, X.; Dou, J.; Zhai, G.; Su, L. Self-Microemulsifying Drug Delivery System for Improved Oral Bioavailability of
Oleanolic Acid: Design and Evaluation. Int. ]. Nanomed. 2013, 8, 2917-2926.

Anton, N.; Benoit, J.-P.; Saulnier, P. Design and Production of Nanoparticles Formulated from Nano-Emulsion Templates—A
Review. J. Control. Release 2008, 128, 185-199.

Anton, N.; Vandamme, T.F. The Universality of Low-Energy Nano-Emulsification. Int. J. Pharm. 2009, 377, 142-147.

Izquierdo, P.; Esquena, ].; Tadros, T.F.; Dederen, C.; Garcia, M.].; Azemar, N.; Solans, C. Formation and Stability of Nano-Emul-
sions Prepared Using the Phase Inversion Temperature Method. Langmuir 2002, 18, 26-30.



Pharmaceutics 2024, 16, 692 35 of 37

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.
143.
144.
145.
146.
147.

148.

149.

150.

151.

152.

Solans, C.; Izquierdo, P.; Nolla, J.; Azemar, N.; Garcia-Celma, M.]. Nano-Emulsions. Curr. Opin. Colloid Interface Sci. 2005, 10,
102-110.

Rathod, N.B.; Meral, R.; Siddiqui, S.A.; Nirmal, N.; Ozogul, F. Nanoemulsion-Based Approach to Preserve Muscle Food: A
Review with Current Knowledge. Crit. Rev. Food Sci. Nutr. 2023. https://doi.org/10.1080/10408398.2023.2175347.

Xi, J.; Chang, Q.; Chan, C.K;; Meng, Z.Y.; Wang, G.N.; Sun, ].B.; Wang, Y.T.; Tong, HH.Y.; Zheng, Y. Formulation Development
and Bioavailability Evaluation of a Self-Nanoemulsified Drug Delivery System of Oleanolic Acid. AAPS PharmSciTech 2009, 10,
172-182. https://doi.org/10.1208/s12249-009-9190-9.

Samad, A.; Sultana, Y.; Aqil, M. Liposomal Drug Delivery Systems: An Update Review. Curr. Drug Deliv. 2007, 4, 297-305.
Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S.W.; Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-
Koshki, K. Liposome: Classification, Preparation, and Applications. Nanoscale Res. Lett. 2013, 8, 102.

Wei, X,; Yang, D.; Xing, Z.; Cai, J.; Wang, L.; Zhao, C.; Wei, X,; Jiang, M.; Sun, H.; Zhou, L. Hepatocyte-Targeted Delivery Using
Oleanolic Acid-Loaded Liposomes for Enhanced Hepatocellular Carcinoma Therapy. Biomater. Sci. 2023, 11, 3952-3964.

Wei, C.-T.; Wang, Y.-W.; Wu, Y.-C; Lin, L.-W.; Chen, C.-C.; Chen, C.-Y.; Kuo, S.-M. Reparative Efficacy of Liposome-Encapsu-
lated Oleanolic Acid against Liver Inflammation Induced by Fine Ambient Particulate Matter and Alcohol in Mice. Pharmaceutics
2022, 14, 1108.

Liu, Y,; Luo, X,; Xu, X.; Gao, N.; Liu, X. Preparation, Characterization and in Vivo Pharmacokinetic Study of PVP-Modified
Oleanolic Acid Liposomes. Int. J. Pharm. 2017, 517, 1-7.

Gao, D.; Tang, S.; Tong, Q. Oleanolic Acid Liposomes with Polyethylene Glycol Modification: Promising Antitumor Drug De-
livery. Int. |. Nanomedicine 2012, 7, 3517-3526. https://doi.org/10.2147/IJN.S531725.

Luo, Y,; Liu, Z,; Zhang, X,; Huang, J.; Yu, X; Li, J.; Xiong, D.; Sun, X.; Zhong, Z. Effect of a Controlled-Release Drug Delivery
System Made of Oleanolic Acid Formulated into Multivesicular Liposomes on Hepatocellular Carcinoma In Vitro and In Vivo.
Int. J. Nanomed. 2016, 11, 3111-3129.

Alvarado, H.L.; Abrego, G.; Garduno-Ramirez, M.L.; Clares, B.; Calpena, A.C.; Garcia, M.L. Design and Optimization of
Oleanolic/Ursolic Acid-Loaded Nanoplatforms for Ocular Anti-Inflammatory Applications. Nanomedicine 2015, 11, 521-530.
Zhang, Y.; Li, ].; Wang, Z.; Xu, M.-Z.; Zeng, Z.; Huang, ].; Guan, Y.-Q. Natural Plant-Derived Polygalacturonic Acid-Oleanolic
Acid Assemblies as Oral-Delivered Nanomedicine for Insulin Resistance Treatment. Chem. Eng. ]. 2020, 390, 124630.

Wu, H.; Zhong, Q.; Zhong, R.; Huang, H.; Xia, Z.; Ke, Z.; Zhang, Z.; Song, J.; Jia, X. Preparation and Antitumor Evaluation of
Self-Assembling Oleanolic Acid-Loaded Pluronic P105/d-a-Tocopheryl Polyethylene Glycol Succinate Mixed Micelles for Non-
Small-Cell Lung Cancer Treatment. Int. ]. Nanomed. 2016, 11, 6337-6352.

An, J.Y,; Yang, H.S,; Park, N.R.; Koo, T.; Shin, B.; Lee, E.H.; Cho, S.H. Development of Polymeric Micelles of Oleanolic Acid and
Evaluation of Their Clinical Efficacy. Nanoscale Res. Lett. 2020, 15, 133.

Chen, Y,; Liy, J.; Yang, X.; Zhao, X.; Xu, H. Oleanolic Acid Nanosuspensions: Preparation, in-Vitro Characterization and En-
hanced Hepatoprotective Effect. J. Pharm. Pharmacol. 2010, 57, 259-264. https://doi.org/10.1211/0022357055407.

Li, W,; Das, S.; Ng, K.Y.; Heng, P.W.S. Formulation, Biological and Pharmacokinetic Studies of Sucrose Ester-Stabilized Nano-
suspensions of Oleanolic Acid. Pharm. Res. 2011, 28, 2020-2033. https://doi.org/10.1007/s11095-011-0428-3.

Banarase, N.B.; Kaur, C.D. Whole Whey Stabilized Oleanolic Acid Nanosuspension: Formulation and Evaluation Study. J. Drug
Deliv. Sci. Technol. 2022, 67, 103001.

Rangel-Yagui, C.d.O.; Pessoa, A., Jr.; Tavares, L.C. Micellar Solubilization of Drugs. J. Pharm. Pharm. Sci. 2005, 8, 147-163.
Deshmukh, A.S.; Chauhan, P.N.; Noolvi, M.N.; Chaturvedi, K.; Ganguly, K.; Shukla, S.S.; Nadagouda, M.N.; Aminabhavi, T.M.
Polymeric Micelles: Basic Research to Clinical Practice. Int. J. Pharm. 2017, 532, 249-268.

Perumal, S.; Atchudan, R.; Lee, W. A Review of Polymeric Micelles and Their Applications. Polymers 2022, 14, 2510.

Aliabadi, H.M.; Lavasanifar, A. Polymeric Micelles for Drug Delivery. Expert Opin. Drug Deliv. 2006, 3, 139-162.

Jacob, S.; Nair, A.B.; Shah, J. Emerging Role of Nanosuspensions in Drug Delivery Systems. Biomater. Res. 2020, 24, 3.
Rabinow, B.E. Nanosuspensions in Drug Delivery. Nat. Rev. Drug Discov. 2004, 3, 785-796.

Wilczewska, A.Z.; Niemirowicz, K.; Markiewicz, K.H.; Car, H. Nanoparticles as Drug Delivery Systems. Pharmacol. Rep. 2012,
64, 1020-1037.

Wang, Y.; Zhu, P.; Li, G,; Zhu, S.; Liu, K; Liu, Y.; He, J.; Lei, ]. Amphiphilic Carboxylated Cellulose-g-Poly (L-Lactide) Copolymer
Nanoparticles for Oleanolic Acid Delivery. Carbohydr. Polym. 2019, 214, 100-109.

Shukla, V.N.; Mehata, A.K,; Setia, A.; Kumari, P.; Mahto, S.K.; Muthu, M.S.; Mishra, S.K. EGFR Targeted Albumin Nanoparticles
of Oleanolic Acid: In Silico Screening of Nanocarrier, Cytotoxicity and Pharmacokinetics for Lung Cancer Therapy. Int. ]. Biol.
Macromol. 2023, 246, 125719.

Zhu, S.; Qiu, Z.; Qiao, X.; Waterhouse, G.LN.; Zhu, W.; Zhao, W.; He, Q.; Zheng, Z. Creating Burdock Polysaccharide-Oleanolic
Acid-Ursolic Acid Nanoparticles to Deliver Enhanced Anti-Inflammatory Effects: Fabrication, Structural Characterization and
Property Evaluation. Food Sci. Hum. Wellness 2023, 12, 454-466.

Ghosh, S.; Kar, N.; Bera, T. Oleanolic Acid Loaded Poly Lactic Co-Glycolic Acid-Vitamin E TPGS Nanoparticles for the Treat-
ment of Leishmania Donovani Infected Visceral Leishmaniasis. Int. ]. Biol. Macromol. 2016, 93, 961-970.

Xia, X,; Liu, H.; Lv, H.; Zhang, J.; Zhou, ].; Zhao, Z. Preparation, Characterization, and In Vitro/Vivo Studies of Oleanolic Acid-
Loaded Lactoferrin Nanoparticles. Drug Des. Devel. Ther. 2017, 11, 1417-1427.

Tang, S.; Hao, J.; Gao, D.; Duan, J.; Liu, Z. Preparation and Characterization of Oleanolic Acid Nanoparticles. Curr. Pharm. Anal.
2013, 9, 177-182.



Pharmaceutics 2024, 16, 692 36 of 37

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Zhang, W.; Liang, C.; Liu, H; Li, Z.; Chen, R.; Zhou, M.; Li, D.; Ye, Q.; Luo, C.; Sun, ]J. Polymeric Nanoparticles Developed by
Vitamin E-Modified Aliphatic Polycarbonate Polymer to Promote Oral Absorption of Oleanolic Acid. Asian J. Pharm. Sci. 2017,
12, 586-593.

Sharma, M.; Sharma, S.; Sharma, V.; Sharma, K.; Yadav, S.K,; Dwivedi, P.; Agrawal, S.; Paliwal, S.K.; Dwivedi, A.K.; Maikhuri,
J.P. Oleanolic-Bioenhancer Coloaded Chitosan Modified Nanocarriers Attenuate Breast Cancer Cells by Multimode Mechanism
and Preserve Female Fertility. Int. J. Biol. Macromol. 2017, 104, 1345-1358.

Bao, Y.; Zhang, S.; Chen, Z.; Chen, A.T;; Ma, ].; Deng, G.; Xu, W.; Zhou, J.; Yu, Z.Q.; Yao, G.; et al. Synergistic Chemotherapy for
Breast Cancer and Breast Cancer Brain Metastases via Paclitaxel-Loaded Oleanolic Acid Nanoparticles. Mol. Pharm. 2020, 17,
1343-1351. https://doi.org/10.1021/acs.molpharmaceut.0c00044.

Shi, Z.; Pan, S.; Wang, L.; Li, S. Topical Gel Based Nanoparticles for the Controlled Release of Oleanolic Acid: Design and in
Vivo Characterization of a Cubic Liquid Crystalline Anti-Inflammatory Drug. BMC Complement Med. Ther. 2021, 21, 224.
Kumbham, S.; Paul, M.; Itoo, A.; Ghosh, B.; Biswas, S. Oleanolic Acid-Conjugated Human Serum Albumin Nanoparticles En-
capsulating Doxorubicin as Synergistic Combination Chemotherapy in Oropharyngeal Carcinoma and Melanoma. Int. J. Pharm.
2022, 614, 121479.

Khan, M.\W.; Zou, C.; Hassan, S.; Din, F.U.; Razak, M.Y.A; Nawaz, A.; Zeb, A.; Wahab, A.; Bangash, S.A. Cisplatin and Oleanolic
Acid Co-Loaded PH-Sensitive CaCOs Nanoparticles for Synergistic Chemotherapy. RSC Adv. 2022, 12, 14808-14818.

Gao, M,; Xu, H.; Bao, X.; Zhang, C.; Guan, X.; Liu, H.; Lv, L.; Deng, S.; Gao, D.; Wang, C. Oleanolic Acid-Loaded PLGA-TPGS
Nanoparticles Combined with Heparin Sodium-Loaded PLGA-TPGS Nanoparticles for Enhancing Chemotherapy to Liver Can-
cer. Life Sci. 2016, 165, 63-74.

Kim, K.-T.; Lee, J.-Y.; Lee, M.-Y.; Song, C.-K.; Choi, J.-H.; Kim, D.-D. Solid Dispersions as a Drug Delivery System. |. Pharm.
Investig. 2011, 41, 125-142.

Nair, A.R.;; Lakshman, Y.D.; Anand, V.5.K,; Sree, K.5.N.; Bhat, K; Dengale, S.J. Overview of Extensively Employed Polymeric
Carriers in Solid Dispersion Technology. AAPS PharmSciTech 2020, 21, 309.

Chokshi, R.J.; Zia, H.; Sandhu, H.K.; Shah, N.H.; Malick, W.A. Improving the Dissolution Rate of Poorly Water Soluble Drug by
Solid Dispersion and Solid Solution—Pros and Cons. Drug Deliv. 2007, 14, 33—45.

Liu, L.; Wang, X. Improved Dissolution of Oleanolic Acid with Ternary Solid Dispersions. AAPS PharmSciTech 2007, 8, 267-271.
https://doi.org/10.1208/pt0804113.

De Stefani, C.; Lodovichi, J.; Albonetti, L.; Salvatici, M.C.; Quintela, J.C.; Bilia, A.R.; Bergonzi, M.C. Solubility and Permeability
Enhancement of Oleanolic Acid by Solid Dispersion in Poloxamers and vy-CD. Molecules 2022, 27, 3042.
https://doi.org/10.3390/molecules27093042.

Tong, HH.Y.; Du, Z.; Wang, G.N.; Chan, HM.; Chang, Q.; Lai, L.C.M.; Chow, A.H.L.; Zheng, Y. Spray Freeze Drying with
Polyvinylpyrrolidone and Sodium Caprate for Improved Dissolution and Oral Bioavailability of Oleanolic Acid, a BCS Class
IV Compound. Int. |. Pharm. 2011, 404, 148-158.

Gao, N.; Guo, M.; Fu, Q.; He, Z. Application of Hot Melt Extrusion to Enhance the Dissolution and Oral Bioavailability of
Oleanolic Acid. Asian J. Pharm. Sci. 2017, 12, 66-72.

Li, Y,; Liu, H.; Guo, B; Li, Y.; Geng, Y.; Zhao, F.; Zhang, T. Enhancement of Dissolution Rate and Oral Bioavailability in Beagle
Dogs of Oleanolic Acid by Adsorbing onto Porous Silica Using Supercritical Carbon Dioxide. J. Drug Deliv. Sci. Technol. 2014,
24, 380-385.

Cao, F.; Gao, Y.; Yin, Z,; Ping, Q. Enhanced Oral Bioavailability of Oleanolic Acid in Rats with Phospholipid Complex. Lett. Drug
Design Discov. 2012, 9, 505-512.

Ren, Y; Liu, Y.; Niu, R; Liao, X.; Zhang, J.; Yang, B. Host-Guest Inclusion System of Oleanolic Acid with Methyl-f3-Cyclodextrin:
Preparation, Characterization and Anticancer Activity. J. Mol. Struct. 2016, 1117, 1-7.

Oprean, C.; Mioc, M.; Csanyi, E.; Ambrus, R.; Bojin, F.; Tatu, C.; Cristea, M.; Ivan, A.; Danciu, C.; Dehelean, C. Improvement of
Ursolic and Oleanolic Acids” Antitumor Activity by Complexation with Hydrophilic Cyclodextrins. Biomed. Pharmacother. 2016,
83, 1095-1104.

Li, R.; Quan, P.; Liu, D.F.; Wei, F.D.; Zhang, Q.; Xu, Q.W. The Influence of Cosolvent on the Complexation of HP-f3-Cyclodextrins
with Oleanolic Acid and Ursolic Acid. AAPS PharmSciTech 2009, 10, 1137-1144. https://doi.org/10.1208/s12249-009-9317-z.

Ren, Y,; Liu, Y.; Yang, Z.; Niu, R.; Gao, K,; Yang, B.; Liao, X.; Zhang, ]. Solid Inclusion Complexes of Oleanolic Acid with Amino-
Appended B-Cyclodextrins (ACDs): Preparation, Characterization, Water Solubility and Anticancer Activity. Mater. Sci. Eng. C
2016, 69, 68-76.

Li, J.; Wang, X.; Zhang, T.; Wang, C.; Huang, Z.; Luo, X.; Deng, Y. A Review on Phospholipids and Their Main Applications in
Drug Delivery Systems. Asian |. Pharm. Sci. 2015, 10, 81-98.

Xin, C.; Liu, S.; Qu, H.; Wang, Z. The Novel Nanocomplexes Containing Deoxycholic Acid-Grafted Chitosan and Oleanolic Acid
Displays the Hepatoprotective Effect against CCls-Induced Liver Injury In Vivo. Int. J. Biol. Macromol. 2021, 185, 338-349.
Ahmed, S.; Padilla-Gainza, V.M.; Gilkerson, R.; Narula, A.; Lozano, K. Processing-Structure-Property Relationships of Oleanolic
Acid Loaded PLGA Fiber Membranes. |. Mater. Sci. 2023, 58, 4240-4255.

Fan, J.-P.; Zhong, H.; Zhang, X.-H.; Yuan, T.-T.; Chen, H.-P.; Peng, H.-L. Preparation and Characterization of Oleanolic Acid-
Based Low-Molecular-Weight Supramolecular Hydrogels Induced by Heating. ACS Appl. Mater. Interfaces 2021, 13, 29130-29136.



Pharmaceutics 2024, 16, 692 37 of 37

177.

178.

179.

180.

181.

182.

183.

184.

185.

Li, Y.; Chen, X.; Zhou, Z.; Fang, B.; Chen, Z.; Huang, Y.; Hu, Y.; Liu, H. Berberine Oleanolic Acid Complex Salt Grafted Hyalu-
ronic Acid/Silk Fibroin (BOA-g-HA/SF) Composite Scaffold Promotes Cartilage Tissue Regeneration under IL-1p Caused Stress.
Int. ]. Biol. Macromol. 2023, 250, 126104.

Zhang, L.; Chen, Y.; Shi, R,; Kang, T.; Pang, G.; Wang, B.; Zhao, Y.; Zeng, X.; Zou, C.; Wu, P. Synthesis of Hollow Nanocages
MOF-5 as Drug Delivery Vehicle to Solve the Load-Bearing Problem of Insoluble Antitumor Drug Oleanolic Acid (OA). Inorg.
Chem. Commun. 2018, 96, 20-23.

Fu, H; Yen, F.-L.; Huang, P.-H.; Yang, C.-Y.; Yen, C.-H. Oleanolic Acid Nanofibers Attenuated Particulate Matter-Induced Oxi-
dative Stress in Keratinocytes. Antioxidants 2021, 10, 1411.

Mishra, V.; Bansal, K.K,; Verma, A.; Yadav, N.; Thakur, S.; Sudhakar, K.; Rosenholm, J.M. Solid Lipid Nanoparticles: Emerging
Colloidal Nano Drug Delivery Systems. Pharmaceutics 2018, 10, 191.

Tenchov, R; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles—From Liposomes to mRNA Vaccine Delivery, a Landscape of
Research Diversity and Advancement. ACS Nano 2021, 15, 16982-17015.

Viegas, C.; Patricio, A.B.; Prata, ] M.; Nadhman, A.; Chintamaneni, P.K.; Fonte, P. Solid Lipid Nanoparticles vs. Nanostructured
Lipid Carriers: A Comparative Review. Pharmaceutics 2023, 15, 1593.

Souto, E.B.; Cano, A.; Martins-Gomes, C.; Coutinho, T.E.; Zieliniska, A.; Silva, A.M. Microemulsions and Nanoemulsions in Skin
Drug Delivery. Bioengineering 2022, 9, 158.

Singh, T.G.; Dhiman, S.; Jindal, M.; Sandhu, 1.S.; Chitkara, M. Nanobiomaterials: Applications in Biomedicine and Biotechnology, 3rd
ed.; Grumezescu, A.M., Ed.; William Andrew Publishing: New York, NY, USA, 2016; Volume 1, pp. 401-429.

Musielak, E.; Feliczak-Guzik, A.; Nowak, 1. Synthesis and Potential Applications of Lipid Nanoparticles in Medicine. Materials
2022, 15, 682.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



